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Biopolymers based on renewable resource are the next generation of plastics. They will 
play a major role in building a sustainable economy and reducing pollution and waste. 
Among them, polylactic acid or polylactide (PLA), biodegradable, aliphatic polyester 
derived from biomass such as corn, sugar, and possibly organic wastes, is one of the 
promising substitutes for the petroleum-based synthetic plastics. PLA has high tensile 
strength, Young’s modulus and high shear piezoelectric constant, which make it suitable 
for use in sutures, scaffords, surgical-implant materials and drug-delivery systems, and 
more currently thermoformed products and biaxially-oriented films. However, the 
brittleness, low heat deflection temperature and slow crystallization rate of PLA limit its 
effectiveness in existing and some future potential applications. The properties of PLA 
are determined by the polymer primary structures, conformations, the crystal structures 
and the degree of crystallinity. Hence, a study on the relationship of structure and 
property is fundamentally important in engineering and modifying PLA, and predicting 
its properties. 
Like many other conventional semicrystalline polymers such as PE and PP, the structure-
property relation of PLA is not yet fully understood. PLA can crystallize in -, -, - and 
stereocomplex (sc) - forms. It has been shown experimentally that the formation of 
stereocomplex between poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) 
significantly improve thermal stability and mechanical properties. However the 
mechanisms of these thermomechanical enhancements are still unclear. In this study, we 
firstly investigated the PLA polymorphs from the first-principles theoretical perspective 
in order to understand the intermolecular interaction in the crystals. Subsequently, a 
number of intrinsic material properties, specifically elastic constants, polarizability and 
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permittivity, and vibrational properties of PLA single crystals were directly calculated by 
using density functional theory (DFT) and density functional perturbation theory (DFPT) 
methods. These crystal properties are difficult to determine experimentally due to the 
semicrystalline characteristic of PLA.  
Stiffness and compliance matrices of -, -, and sc-form were calculated employing DFT 
stress-strain method. It was found that these tensors are highly anisotropic. Stiffness 
coefficient along the polymer helix axis direction (c33) is greater than those in the 
transverse directions (c11 and c22). Besides, those of - and sc-forms show transversely 
isotropic due to their crystal symmetries. The sc-form has higher Young’s modulus and 
less compressibility than -form on the transverse plane. Contributions from the 
crystalline phase to the anisotropy of the elastic modulus in a uniaxially oriented PLA 
fiber were estimated based on a cylindrically symmetric polycrystalline aggregate model. 
Both symmetry and orientation distribution of the crystals were taken into account. Voigt 
and Reuss bounds of Young’s moduli and shear moduli, Poisson’s ratio were also 
predicted based on the single crystal elastic properties obtained. Intrinsic dielectric 
properties of the PLA crystals were calculated using DFPT method. The permittivity and 
polarizability tensors of these various PLA single crystals are anisotropic too. Among the 
three diagonal components of these tensors, the longitudinal component along the PLA 
helical axis (parallel to z axis) is larger than the other two lateral components. The 
calculated averaged value of DC permittivity of the PLLA -form is close to the 
published value of 2.71 measured at 1 kHz. The theoretical birefringence estimated from 
optical permittivity is also within the experimental range ~ 0.03. 
Our DFT calculation results showed that sc-form is the most energy-favorable among the 
four identified PLA polymorphs. The sc-form is thermodynamically more stable than -, 
-, and -form by 0.3, 1.1, and 1.3 kcal/mol (scaled to one repeat unit of PLA), 
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respectively. The theoretical predicted relative stability trend is well correlated to melting 
temperature order reported in the literature: sc-PLA (230 °C) > -PLA (185 °C) > -PLA 
(175 °C). Here we provided a quantitative theoretical support. The enhanced thermal 
stability of the sc-form compared to the other two homopolymer forms may be attributed 
to the unique intermolecular non-conventional hydrogen bonding network found in the 
stereocomplex. The DFPT calculated solid state IR and Raman spectra of these various 
crystalline PLAs further confirmed the stronger hydrogen bonding exists in the sc-form. 
Calculating IR/Raman spectra of PLA in condensed phase instead of in gas phase, the 
non-bonded intermolecular interaction and long-range electrostatic interactions are 
included; hence it is more accurate. Furthermore vibration mode analysis and assignment 
become easy. 
Lastly we explored the possible applications of several multiphase materials such as 
graft/star copolymers, blends and composites containing PLA stereocomplex. Our 
fundamental studies have demonstrated there is a stronger intermolecular interaction 
between PLLA and PDLA when sc-form is formed. The strong driving force for forming 
PLA stereocomplex was used to stabilize the interphase. One example would be the 
grafting poly(butyl acrylate) (PBA) with PDLA to yield PBA-g-PDLA, which was then 
incorporated into commercial PLA. The degree of stereocomplexation was able to 
influence the interfacial adhesion strength between the PBA and PLA phases. Improved 
interfacial adhesion leads to significant increases in ductility and toughness of the blend. 
Moreover, the morphology characteristics of the dispersed PBA phase changed 
significantly from sea-island to co-continuous, which indicate improved interfacial 
strength. The higher aspect ratio of the PBA phase increased its efficiency in toughening 
of the blends. In another example the formation of stable dispersions of hybrid 
nanoparticles in solution formed via stereocomplexation of enantiomeric poly(lactic acid) 
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hybrid star polymers. The hybrid starlike polymers have inorganic polyhedral oligomeric 
silsesquioxane (POSS) nanocages as the cores and either PLLA or PDLA as the arms: 
POSS-star-PLLA and POSS-star-PDLA. Lastly, the stereocomplexation was as a 
physical cross-link in the thermoplastic elastomer (TPE) formed by 50/50 solution or melt 
blend between PBA-g-PDLA and PBA-g-PLLA. This blended TPE showed higher 
service temperature compared to those individual PBA-g-PDLA or PBA-g-PDLA. 
The results of this present study could have significant impact on both applications and 
understanding the structure-property relation at the molecular level for the PLA. The 
relationship and parallelism of observed behavior to atomic microstructure provide 
effective structural models. The quantum mechanical methods could be extended to 
investigate other biopolymers as well. 
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ab plane and containing the c axis (helix axis). c axis is horizontal. 
 
Figure 5.1. DFT optimized isomer structures of D-lactic acid (I to VII), D-lactate ion 
(VIII and IX) and lactides (X and XI). The dashed lines indicate the presence of 
intramolecular hydrogen bondings (HB). The numeric values of the HB distances are 
included in Table 5.3. 
 
Figure 5.2. (a) The supercell of an isolated lactide molecule. (b) Intermolecular non-
conventional hydrogen bonds (light blue dashed lines) in the racemic lactide crystal. 
 
Figure 5.3. A comparison of IR spectra calculated using DMol
3
 (a local basis set and the 
finite differences method), and CASTEP (a plane wave basis set and the DFPT method) 
for D-lactic acid molecule (conformation III in Fig. 5.1). 
 
Figure 5.4. A comparison of the calculated IR spectra of PLLA -, -, -form and 
PLLA/PDLA stereocomplex (sc), Plotted with FWHM = 2 cm
-1
, graph quality = medium. 
(a) full spectra and their expansions in (b) C=O stretching region; (c) C-H stretching 
region and (d) low wavenumbers / THz region. The spectra have been offset in the y-axis 
for clarity. 
 
Figure 5.5. A comparison of the calculated Raman spectra of PLLA -, -, -form and 
PLLA/PDLA stereocomplex (sc), plotted at T = 10 K, smearing 2 cm
-1
. (a) full spectra; 
(b) 1650-1850 cm
-1
 region; (c) 0-200 cm
-1
 (THz) region, a comparison of T =10K (solid 
lines) and 300K (dotted lines), (d) 800-1000 cm
-1
 region. The spectra have been offset in 
the y-axis for clarity. 
 
Figure 6.1.1. Synthetic schemes of PLA macromers and graft copolymer PBA-g-PLA. 
 
Figure 6.1.2. X-ray diffraction patterns of non-blended films: PBA-g-PLLA (L4GP1) -
film (blue curve), PBA-g-PDLA (D4GP1) - film (red) and PLLA (4032D) (light blue) 
film, and the blended film: 50/50 PBA-g-PLLA/PBA-g-PDLA (L4GP1/D4GP1) - film 
(green). The simulated PLLA -form (pink) and PLLA:PDLA = 1:1 stereocomplex (sc)-
form (light green). 
 
Figure 6.1.3. DMA scans: (a) storage modulus (b) tan of the three films: PBA-g-PLLA 
(blue), PBA-g-PDLA (green) and the 50/50 PBA-g-PLLA/PBA-g-PDLA blend (red). 
 
Figure 6.1.4. DSC thermograms (1
st
 heating scan with a rate of 10C/min in N2 gas flow) 
for neat PLA (3051D) and melt blends with 10wt% PBA-g-PLA graft copolymers. The 
















Figure 6.1.5. WAXS for the melt blended and compression molded samples: PLLA and 
90/10 PLLA/PBA-g-PLL(D)A. The curves have been offset in the y axis for clarity. 
 
Figure 6.1.6. TEM micrographs of PLA and PLA/PBA-g-PLA melt blends. (a) PLLA 
(NatureWorks 3051D); (b) PLLA (3051D) + 10wt% PBA-g-PLLA (L4GP1); (c) PLLA 
(3051D) + 10wt% PBA-g-PDLA (D4GP1) before tensile testing; (d) PLLA (3051D) + 
10wt%  PBA-g-PDLA (D4GP1) after tensile test. 
 
Figure 6.2.1. Synthesis schemes of POSS-star-PLLA and POSS-star-PDLA star 
polymers by ring-opening polymerization. 
 
Figure 6.2.2. Molecular models of POSS-H and POSS-star-PLLA. 
 
Figure 6.2.3: (a) Scattering intensities of sample 1 (POSS-star-PLLA-1) (circles) and 
sample 3 (POSS-star-PLLA-2) (squares) as a function of polymer concentration 
(mg/mL). The samples were dissolved in THF and equilibrated for 15 days prior to DLS 
measurements; (b) distribution of hydrodynamic radius Rh of sample 1 (prepared at 
polymer concentration of 1.0 mg/mL) over 45 days. 
 
Figure 6.2.4. (a) First DSC heating scans and (b) WAXS profiles of sample 3 (POSS-
star-PLLA-2) (grey solid curve), sample 4 (POSS-star-PDLA-2) (grey dashed curve) and 
sample 3+4 (50/50 POSS-star-PLLA-2/POSS-star-PDLA-2) (black solid curve). All 
samples were freshly prepared at polymer concentration of 1.0 mg/mL followed by 
solution casting at room temperature and further dried in a vacuum oven. All the grey 
curves have been offset for clarity. 
 
Figure 6.2.5. Distribution of the hydrodynamic radius, Rh, of aggregates in sample 1 + 2 
at different weight percentage ratios of sample 1 to sample 2. The total polymer 
concentration is maintained at 0.1 mg/mL. Samples were prepared and equilibrated for 15 
days prior to DLS measurements. 
 
Figure 6.2.6. Rh of aggregates as a function of the polymer concentration in sample 1 
(prepared at 1.0 mg/mL) and sample 1 + 2 (prepared at 0.2 mg/mL), which were both 
diluted after 45 days. 
 
Figure 6.2.7. TEM micrographs of the aggregates formed in (a) sample 1 at a polymer 
concentration of 1.0 mg/mL and (b) sample 1 + 2 at a polymer concentration of 0.5 
mg/mL, both solutions prepared in THF and left to equilibrate for 45 days prior to the 
measurements. The insets in (a) and (b) illustrate the enlargement of a particular 
aggregate. 
 
Figure 6.2.8. Schematic representations of the conformations of the aggregates formed in 
(a) the individual star polymer solution and (b) a mixture solution at polymer 
concentrations below and above the CAC. 
 




Poly(lactic acid) or poly(lactide) (PLA) is a biodegradable and biocompatible 
thermoplastic polymer, being derived from renewable resources such as corn and sugar 
cane. The biodegradability and sustainability characteristics of PLA have attracted much 
attention from both academic and industrial researchers concerning less environmental 
impact. In the earlier days, PLA was mainly used in medical area as sutures, implants, 
and drug-delivery systems [1] because it was much expensive than other synthetic 
polymers. Nowadays, the developments in synthesis technologies have reduced the price 
of PLA dramatically and have made large volume applications possible. PLA is 
considered a promising substitution for petroleum-based conventional plastics (e.g. 
poly(ethylene) (PE) or poly(propylene) (PP)) in commodity application as a packaging 
material for short shelf-life products [2]. More recently, a couple of attempts have been 
made to further explore the potential of using PLA as engineering plastics to make 
durable products like automobile interior parts. [3-5] 
The building block of PLA, lactic acid is chiral. Polymerization of lactic acids (or 
lactides) leads to isotatic, syndiotatic and atactic/heterotactic different PLA primary 
structures. While the atactic PLA is amorphous, both the isotactic poly(L-lactic acid) 
(PLLA) and poly(D-lactic acid) (PDLA) are highly crystalline. In general PLA is 
semicrystalline with a melting temperature (Tm) of around 180 °C and a glass transition 
temperature (Tg) of about 60 °C.  PLA has high tensile strength and Young’s modulus [6-
7] and high shear piezoelectric constant [8-9]. However, the brittleness (elongation at 
break < 10%), low heat deflection temperature (HDT, ~ 60 °C) and slow crystallization 
rate of PLA limit its use in broader applications. 
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Existing and some future potential applications of PLA depend considerably on its novel 
properties, which are in turn determined by the polymer chain primary structures, 
conformations and packings; crystal structures and the degree of crystallinity etc. Hence, 
an understanding on the relationship of structure/morphology and property is 
fundamentally important in engineering / modifying PLA and in predicting its properties. 
Like many other semicrystalline polymers such as PE and PP, the structure-property 
relation of PLA is not yet fully understood. This is because end-use properties of the PLA 
products are determined by the crystalliniy and the supermolecular crystalline structure of 
the spherical shape: spherulite, which consists of highly branched radiating crystalline 
lamellas with amorphous regions in between. This complex morphology is very 
dependent on the preparation conditions (temperature, pressure, shear and cooling rates, 
etc). Prediction of the macroscopic / mesoscopic properties of such complex structures 
using molecular computer simulation is not straightforward. Normally two-phase or 
three-phase composite models (consisting of amorphous, crystalline and interface phases) 
are employed. As an amorphous polymer sample is easily prepared, the related properties 
hence can be measured from experiments. However the direct experimental determination 
of the crystalline phase properties is prohibited due to the difficulty in obtaining a 
polymer sample with 100% crystallinity. The lack of experimental data of crystalline 
phase opens up an interesting field for atomistic simulation of crystalline polymers. 
There are two major categories of atomistic simulation: classical mechanics (e.g. 
molecular mechanics (MM), molecular dynamics (MD)) and quantum mechanics (e.g. ab 
initio, density functional theory (DFT) etc). The empirical/classical methods are faster 
and can handle large systems containing many atoms using less computation resource, but 
the results, to a certain extent, depend on the forcefield employed. In contrast, quantum 
mechanical methods, although they are computational intensive, can provide reliable 
results because they don’t require any input empirical parameters. Quantitative 
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simulations of the properties of semicrystalline PLA structure on an atomistic level are 
still beyond current computer capacities. The alternative way is to simulate the 
amorphous and crystalline phases separately at the length scale of several chains or chain 
fragments and then employing the composite model mixing rules to calculate the 
properties of the semicrystalline PLA. In this study, we focused on the calculations of 
various properties of crystalline PLA by employing quantum mechanical method at the 
level of density functional theory (DFT).  
In certain conditions, PLLA or PDLA can crystallize in one of the three different single 
crystalline phases: -, β- and γ-form. [10-12] More importantly, an equimolar physical 
blend of PLLA with PDLA creates a new crystal structure – stererocomplex (sc)-form 
with a Tm of 230 °C, about 50 °C higher than either of the two enantiomeric polymers. 
[13] Unit cell models of the four different PLA crystal forms have been proposed in the 
literature based on a comparison of X-ray diffraction (XRD) patterns with classical 
molecular mechanics modeling. These unit cells were taken as the starting structures in 
our DFT geometry optimization. The properties of crystalline PLA were then obtained 
from the DFT optimized unit cells.  
In this introduction chapter, we will first provide a brief overview of PLA polymer. In the 
subsequent section, we will review PLA crystal structures in more details. Then we will 
highlight the motivation and purposes of this study, and finally the scope and 
organization. 
1.1 Overview of Poly(lactic acid) 
Poly(lactic acid) or Poly(lactide) (PLA) is a synthetic biopolymer of lactic acid, which 
can be derived by bacterial fermentation of carbohydrates from renewable resources such 
as corn, sugar cane, organic wastes - lignocellulose or by chemical synthesis. High 
molecular weight PLA is synthesized either by direct condensation of lactic acid or by 
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ring-opening polymerization (ROP) of lactide. [14-15] PLA has been considered as one 
of the most promising “green” thermoplastics and has attracted much interest from both 
academic and industrial circles. [15-26] Intensive researches have already led to a variety 
of practical applications: primarily in the biomedical area such as degradable or self-
reinforced devices for the temporary internal fixation of bone fracture, drug delivery and 
biodegradable scaffolds for tissue engineering; [1, 18, 21] recently as a packaging 
material for short shelf life products with common applications. [2] A couple of studies 
have even been done to explore the possibilities of using PLA as an engineering plastic to 
make durable products - automobile interior parts. [3-5] The advances of technologies 
have changed and will continue to make this polymer from a specialty material to a large-
volume commodity plastics. The widespread application of PLA to replace petroleum-
based plastics will diminish environmental pollution originated from plastic wastes and 
reduce carbon footprint. 
The aforementioned existing and some future potential applications of PLA depend 
considerably on its novel properties (biocompatibility, biodegradability / compostability, 
mechanical, etc), which are in turn determined by the polymer chain primary structures, 
conformations and packings (the crystal structures and the degree of crystallinity). 
Therefore a study on the relationship of structure, morphology, and property is 
fundamentally important in controlling and predicting the final properties of PLA. 
The research interests in PLA arise not only from its environmentally benign synthesis 
and potential applications, but also from the diversity of its polymer chain architectures 
and crystal structures - polymorphism. The building block of PLA, lactic acid (2-
hydroxypropanoic acid, C3H6O3) is chiral. It exists in two optically active isomers or 
enantiomers, namely L(levorotary)-(S- according to absolute configuration) and 
D(dextrorotary)-(R)-lactic acids as shown in Figure 1.1. Two lactic acid molecules can be 
dehydrated to make one lactide, a cyclic lactone. As a result three stereoisomers of lactide 
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can be formed, namely D,D-lactide (D-lactide), L,L-lactide (L-lactide) and D,L-lactide 
(or meso-lactide), which can consecutively lead to distinct PLA primary structures 
(isotactic, syndiotactic and atactic / herterotactic), as shown in Figure 1.2, upon 
polymerization. The presence of repeating units with L- and D- opposite configurations in 
PLA polymer has been shown to provide a worthwhile mean of adjusting physical and 
mechanical characteristics. Depending on the stereochemistry and thermal history, PLA 
can be amorphous or crystalline, in general semicrystalline. Both homopolymers poly(L-
lactic acid) or poly(L-lactide) (PLLA) and poly(D-lactic acid) or poly(D-lactide) (PDLA) 
are isotactic and meet the basic requirement: high degree of stereoregularity - to form 
crystals. Like many other semicrystalline polymers, PLLA (or PDLA) can crystallize in 
one of three polymorphic forms: -, - and -form under different preparation conditions. 
[10-12] While random copolymer of meso-lactide - poly(meso-lactide) is atactic and 
hence amorphous, the syndiotactic PLA made by ROP of meso-lactide with a chiral 
catalyst [27] is a semicrystalline material with a melting temperature (Tm) of 153 C and a 
glass transition temperature (Tg) of 43 C. Random optical copolymers made from 
equimolar amounts of D-lactide and L-lactide are commonly referred to as PDLLA or 
poly(rac-lactide). PDLLA is atactic too. Its molecular chains cannot easily pack together 
to crystallize, because the side groups (methyl) are located randomly on both sides of the 
polymer backbone; as a result, PDLLA is exclusively amorphous. Commercial PLA 
polymers, which are normally optical copolymers of predominantly L-lactide with small 
amounts of D- or meso-lactide, are semicrystalline with Tm of around 180 C and Tg of 
about 60 C. The introduced irregularity disturbs chain conformation and packing 
resulting in depression of Tm, reductions in crystallinity and crystallization rate. [28] The 
ability to control the stereochemical architecture allows precisely control over the speed 
and degree of crystallinity and hence tailors the physical properties for specific 
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applications. While the amorphous PLAs have faster degradation rates and are good for 
developing drug delivery vehicles and low-strength scaffolding materials for tissue 
regeneration, the stereoregular PLAs have high strength and modulus (comparable to 
polypropylene) and are ideal for load bearing devices and could be a potential alternative 
to conventional petroleum-based thermoplastics. 
 
 


































































Figure 1.2 Three stereoisomers of lactide which lead to distinct PLA structures upon 
polymerization. 
 
Although isotactic and syndiotactic PLAs are semicrystalline polymers with high Tm and 
some good mechanical properties (high modulus and tensile strength), [6, 20] low 
crystallization rates, low heat deflection temperature (HDT, ~ 60 °C) and inherent 
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brittleness restrict their extensive applications. On the one hand, the crystallization rate of 
PLLA is too slow to manufacture large volume rigid parts with high degree of 
crystallinity using conventional thermal fabrication methods. [4] Therefore PLA usages in 
large-scale applications have been limited mostly to amorphous or low crystallinity 
biodegradable packaging materials for food and consumer goods; On the other hand, the 
toughness of PLA in its pristine state is often insufficient. The brittleness of PLLA 
homopolymer is apparent in two aspects: (1) weak impact strength: the impact strength of 
PLLA is 26 J m
-1
 (similar to polystyrene); (2) very small elongation at break: 4~7 %. [7] 
The brittleness of PLA limits its use in applications where mechanical toughness, i.e. 
plastic deformation at high impact rates, or high elongation is required (e.g. screws and 
plates for fracture fixation or appliance casings and car parts). In order for PLA materials 
to be suitable for these types of applications, orientation, plasticization and blending 
schemes have been applied to improve PLA properties. 
Blends of PLA optical copolymer have offered a variety of new properties. A 50-50 
physical blend of PLLA and PDLA created a new crystal structure - stereocomplex (sc)-
form with a Tm of 230 C, about 50 ºC higher than its individual components. [13] 
Moreover, the rate of stereocomplex formation is high and has been used to provide self-
nucleation in isotatic PLA crystallization. [6, 29-32] It was reported that blending 15% of 
PDLA into PLLA reduced the half-life of crystallization by 40-fold (times). [30] Also it is 
worth noting that the formation of stereocomplex can increase HDT of PLA from ~60 ºC 
to 190 ºC with the maximum effect achieved in a 50-50 blend. [33] The higher HDT can 
significantly widen the scope of applications to include ironable fabric, microwavable 
food trays, hot-fill containers, etc. In addition to the improved thermal stability, 
mechanical properties have also been improved too through the sterocomplexation of 
PLLA and PDLA. [34] 
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Besides the enormous publications on PLA synthesis and applications, there have been 
some studies on PLA structure. PLA isolate chain conformations and crystal 
morphologies and structures have been studied extensively by employing various 
analytical techniques (X-ray diffraction (XRD) [10-13, 35-39] and electron diffraction 
(ED) [12, 36, 40-46] for structure analysis; polarized optical microscopy (POM), [38, 40] 
transmission electron microscopy (TEM), [36, 40-42, 46] scanning electron microscopy 
(SEM) [46] and atomic force microscopy (AFM), [39] for morphology observation; 
Fourier transformation inferred (FTIR) and Raman spectroscopy, [47-55] solution or 
solid-state nuclear magnetic resonance (NMR) [49, 56-61] for conformation, packing 
dynamics and inter-molecular interactions) combined with theoretical methods 
(conformation analysis [10, 62] and classical mechanics (force field) methods: molecular 
mechanics (MM), [63] rotational isomeric state (RIS) model Monte Carlo (RMMC), [64-
65] and molecular dynamics (MD). [39, 44]) These previous studies showed that the 
lowest energy conformation of a single PLLA chain is an either 103 or 31 helix as shown 
in Figure 1.3. The chain packing and the intermolecular interactions in a crystal would 
disrupt the regular helical conformations. It is well known that a helix is typically 
described in terms of helical parameters, namely the number of monomer per turn (k) and 
the monomer repeat distance (d) along the helical axis. Alternatively it can be described 
in terms of monomer conformation, i.e. angles of rotation about the skeleton bonds. In 
this description, rigid structural parameters - bond lengths and bond angles (obtained 
from gas phase microwave structural analysis on small molecules) were assumed, i.e. 
neglecting bond stretching and bond angle bending. Under the restriction of 
conformational equivalence and assuming rigid structural parameters, the most stable 
helix can be predicted by locating the minima of the conformational potential energy 
calculated as a function of the angles of rotation about the skeleton bonds of the monomer 
unit. The method had been applied successfully in predicting -helix of polypeptide by 
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Pauling. [66] Early workers found that this type of ordered conformation also occurs 
among synthetic linear polyhydrocarbon polymers and biopolymers where van der Waals 
interactions other than conventional hydrogen bonding must be very important in 
determining the helical conformations. [67-69] The closely similarity in structure of 
poly(L-lactic acid) to poly-L-alanine (by interchange of a peptide bond with an ester bond 
along the main chain) and the previous successes in solving the secondary structures (five 
acceptable helices) of homopolypeptides had inspired pioneer workers [10, 62, 70] to 
adapt the set of empirical pair-wise van der Waals potential energy functions and methods 
used in conformational analysis of proteins to PLLA. The conformational energy of the 
L-lactyl residue of poly(L-lactic acid), was calculated as a function of rotation angles  
and  about the O-C and C-C skeleton bonds (Figure 1.4), respectively, the ester bond 
being assumed planar trans because of the existence of two resonance structures of 
R1COOR2. A very satisfactory agreement was obtained when the helical conformations 
predicted with this method were compared with those estimated experimentally by XRD 
investigations of the crystallized PLA. The destabilization of the -helix type 
conformation was attributed to the repulsive electrostatic dipole-dipole interaction 
(electrostatic effect) between the dipoles associated to the ester groups. [10] The 
rotational isomeric state (RIS) model and conformational energy map [47, 52, 55, 62, 71] 
have been applied to predict the lowest energy conformations of PLA single chain and the 
corresponding probability. 










Figure 1.3. The two helical conformations: 103 and 31 of a PLLA chain. (Atom color 
code: oxygen (red), hydrogen (white), carbon (dark grey). The dashed line is along the 
helix axis. In the top views (projected on the plane perpendicular to the helix axis), for 














-C and C-O. 
 
1.2 Poly(lactic acid) Polymorphs and Stereocomplex 
Polymer polymorphism, i.e. more than one crystalline structure with the same chemical 
composition, arises from (1) the packing of chains with different conformations or (2) 
different packing modes of molecular chains with identical conformation in the unit cell. 
[72] Among different modifications there is usually one polymorph that is 
thermodynamically most stable. Depending on the tacticity of the polymer and processing 
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cooling rate, PLA may crystallize from the melt or from the solution with various 
morphologies: lozenge, truncated lozenge, triangular or hexagonal shapes and spherulites. 
[39-40, 42, 73-74] Like many other semicrystalline polymers, polymorphic crystallization 
has been observed in PLA. For both PLLA and PDLA, at least three polymorphs (-, -, 
and -form) have been observed. [10-12, 36, 37, 43] Recently discovered -form 
crystallized at lower temperature has been considered a limiting disordered modification 
of the -form. [75] More importantly due to the chirality of PLA, blending of PLLA with 
PDLA can form stereocomplex – a new crystalline modification with unique properties 
and high performance. [6, 12-13, 23, 36] 
Unit cells of -, -, - and sc-forms have been reported in the literature. The details are 
briefly reviewed as followings.  
-form The -form of isotactic PLLA (or PDLA) is the primary form of PLA obtained 
under normal processing conditions. In 1968, De Santis and Kovacs [10] first reported the 
structure of the -form. They proposed a pseudo-orthorhombic structure with two chains 
in an unit cell of dimensions a = 10.7 Å, b = 6.45 Å, and c = 27.8 Å (fiber axis). The 
chain arranged in a helical 103 conformation with ten monomeric units in three turns (or 
in helical parameter: number of monomers per turn k = 3.33) and a monomeric repeat on 
the helical axis (helical parameter d) equals to 2.78 Å. In 1980, Kalb and Pennings [40] 
published an electron diffraction pattern of single crystal grown from diluted solution of 
PLLA. From the crystal lattice spacing in the electron scattering pattern, they calculated 
the hexagonal unit cell with dimensions a = b = 5.9 Å,  =  = 90 and  = 120 and 
converted it into a pseudo-orthorhombic unit cell with dimensions a = 10.34 Å, b = 5.97 
Å,  =  =  = 90°. However the magnitude of third lattice constant c could not be 
derived from the electron diffraction pattern and they assumed it would be similar to that 
determined from XRD pattern carried out by De Santis and Kovacs. [10] They attributed 
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the large discrepancies in the cell dimensions (a and b) from those of De Sanctis and 
Kovacs study [10] to the different specimen morphologies (i.e. single crystal vs fibre). In 
1990, Hoogsteen et al. [35] proposed a pseudo-orthorhombic  structure (a = 10.6 Å, b = 
6.1 Å , and c = 28.8 Å) with two left-handed 103 helices for PLA crystals in fibers 
obtained at low drawing temperatures and/or low hot draw-ratios. Although they 
published the atomic Cartesian coordinates of a basic repeat unit of PLLA in the cell, they 
did not solve the relative positions for the two chains within the unit cell. In 1992, Marega 
et al.[38] reported a similar pseudo-orthorhomic unit cell with dimensions a = 10.7 Å , b 
= 6.126 Å, and c = 28.939 Å. Using the PLLA basic residue atomic coordinates reported 
by Hoogsteen, [35] they determined the relative locations of the two helices in the unit 
cell by fitting the simulated diffraction pattern against the experimental XRD pattern. 
However, they unraveled the axis positions of the two helices and their relative shift 
along helix (c) axis only. There were no detailed atomic coordinates reported although a 
picture showed the unit cell projection on the xy plane in this paper. In 1995, Kobayashi 
et al. [45] solved and published the relative positions of the two monomeric residues 
within the cell of -form. In 1997, Miyata and Masuko [76] proposed an orthorhombic 
unit cell of a = 10.78 Å, b = 6.04 Å, and c = 28.7 Å containing two 10-repeat unit chains 
located at the center and also at each corner of the unit cell. In 2001, Aleman et al. [44] 
published a refined and higher symmetry (space group P212121) unit cell of PLLA -form 
with two 107 helices packing in antiparallel by using Monte Carlo (Metropolis algorithm) 
simulation. The chain packing energy was calculated and the structure was refined against 
the electron diffraction pattern. The same cell dimensions (a = 10.6 Å, b = 6.1 Å, and c = 
28.8 Å) and chain conformation left-handed 103 or 107 as those of Hoogsteen were 
adopted. The energy contributions of van der Waals and electrostatic interactions between 
non-bonded atoms were Lennard-Jones (L-J) 6-12 and Coulombic expressions, 
respectively. The van der Waals parameters had been taken from the anisotropic 
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parametrization of the AMBER force field; where the CH3 group is considered as a single 
sphere. Molecular conformation was not optimized during the refining process. Degrees 
of freedom in NVT simulations were the setting angles and the displacement of the 
helices along the c-axis, in NPT (P = 1 atm) simulation conformational and molecular 
displacements along the three axes were combined with volume changes, left-handed 107 
helix symmetry, i.e., 3.333 residues per turn, was kept fixed in all the simulations. the 
torsional angles resulting from NVT and NPT simulations are nearly identical, as 
expected from the small variation of the c parameter, the final values ( = -61.4,  = 
154.2,  = 167.5) [44] are close to those proposed by Hoogsteen et al. ( = -64.8,  = 
148.9,  = 179.5) [35] for the 107 helix. Molecular interactions between neighboring 
chains are different along the three directions that define the hexagonal packing and may 
lead to distorted conformations, as revealed by diffraction patterns. Finally, in 2003, 
Sasaki and Asakura [37] analyzed PLLA -form by using the linked-atom least squares 
refinements for the X-ray fiber diffraction data. They found that the chain conformation is 
a distorted one. The methyl groups were regarded as single spheres, whereas the 
remaining atoms were represented explicitly. In summary, the orthorhombic unit cell 
lattice constants reported in the literature are listed in Table 1.1. The lattice constants a, b, 
and c vary in the ranges of 10.34-10.78, 5.97-6.45 and 27.8-28.882 Å, respectively. The 
corresponding calculated unit cell density changes from 1.247 to 1.395 g/cm
3
. These 
discrepancies may arise from the differences in preparation conditions, specimen 
morphologies and the approximations in the simulation methods used. Three 
representative unit cells of PLLA -form built based on crystallographic data [37, 44-45] 
are illustrated in Figure 1.5. These unit cells will be investigated in Chapter 3. 
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Table 1.1 . Poly(lactic acid) -form unit cell (orthorhombic) lattice constants reported in  
the literature. 
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*lattice constant c undetermined, could not obtained from the electron diffraction pattern; the authors suggested that c would be similar 
to that of an earlier study. [10] ** HMB: hexamethylbenzene single crystal substrate. LAFLS: the linked-atom full-matrix least-
squares method. In which the bond lengths and bond angles can be constrained to their standard values. Cope with the limited WAXD 
data for polymers. In the structure calculations, the hydrogen atoms of the methyl groups were neglected.  Hybrid force field: some 
kind of atomic groups were treated as united atoms, the methyl groups were regarded as single spheres, based on some hypothesis. 
 







Figure 1.5. Three unit cells  of PLLA -form (top view) built based on refs. [37, 44, 45]. 
 
-form: In the early 1980s, Eling et al. [11] reported the existence of a second polymorph 
of PLLA, which they called the  structure. In 1990, Hoogsteen et al. [35] proposed an 
orthorhombic unit cell for the  form with dimensions of a = 10.31 Å, b = 18.21 Å , and c 
= 9.00 Å (fiber axis) containing six chains per cell, each arranged in a left-handed 31 
helical conformation and published the atomic Cartesian coordinates of a repeat unit of  
structure (calculated cell volume 1689.71 Å
3
,  density d = 1.275 g/cm
3
). Ten years later, 
Puiggali at al. [43] characterized PLA crystals made through stress-induced 
crystallization, using electron diffraction and conformational energy analysis. Chains 
were shown to be arranged as frustrated packing of 31 helices in a trigonal unit-cell with 
space group P32 and lattice constants a = b = 10.52 Å, and c = 8.8 Å. (cell volume 843.42 
Å
3
, d = 1.277 g/cm
3
) they published the fractional coordinates of their proposed  
structure as well. In 2002, Sawai et al. published oriented  crystal structure with 
orthorhombic unit cell parameters a = 10.4 Å, b = 17.7 Å, c = 9.0 Å (similar to those by 
Hoogsteen et al.), (cell volume 1656.72 Å
3
, calculated d = 1.301 g/cm
3
, observed d = 
1.272 g/cm
3
, observed heat of fusion of beta sample 61 J/g, calculated heat of fusion of a 
beta crystal 124 J/g). [77] 
-form: The existence of a third crystal modification of PLLA or the  form has been 
reported to appear during epitaxial crystallization on a hexamethylbenzene substrate; it 
has two antiparallel 31 helices contained in an orthorhombic unit cell with dimensions of a 
= 9.95 Å , b = 6.25 Å , and c = 8.8 Å. [12] 
two 103 helices,  
parallel, Ref [45] 
two 103 helices,  
anti-parallel, Ref [44] 
two distorted 103 helices,  
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sc-form: In 1987, Ikada et al. found a new crystal structure created by physical blending 
PLLA and PDLA, which they called stereocomplex. [13] In 1991, Okihara et al. [36] first 
proposed a triclinic cell (space group P1) for the stereocomplex of PLLA and PDLA 
crystal with lattice parameters a = b = 9.16 Å, c = 8.70 Å,  =  = 109.2, and  = 109.8 
(cell volume 563.399 Å
3
, d = 1.274 g/cm
3
) containing two enantiomorphous helices with 
threefold symmetry packing in parallel. In 1996, Brizzolara et al.[39] refined the triclinic 
cell based on wide-angle X-ray diffraction (WAXD) powder patterns combined with 
molecular simulation (MM, Drielding force field) on the sc-crystal and reported the unit 
cell parameters a = 9.12 Å, b = 9.13 Å, c = 9.30 Å,  =  = 110, and  = 109, (cell 
volume 591.713 Å
3
, d = 1.213 g/cm
3
). In 1997, Cartier et al. [41] pointed out that the 
triclinic cell is a sub-cell of a larger trigonal cell with either R3c or R-3c symmetry, 
which has parameters of a = b = 14.98 Å, c = 8.70 Å,  =  = 90,  = 120 and contains 
three right-handed and three left-handed helices (cell volume 1690.73 Å
3
, d = 1.274 
g/cm
3
). In 2000, Cartier et al. [12] published the atomic fractional coordinates of the sc-
form, with unit cell parameters a = b = 14.98 Å, b = 8.8 Å,  =  = 90,  = 120, trigonal 
cell, assume space group: R3c (all six chains parallel) (hexagonal representation 
C54H72O36, cell volume 1710.2 Å
3
, d = 1.260 g/cm
3
; Rhombohedral representation 
C18H24O12, a = b = c = 9.13 Å, volume 570.05 Å
3
,  =  =  = 110.2°). In 2007, Sawai et 
al. published a trigonal unit cell of the sc-crystal with cell parameters a = b = 15.0 Å 
(similar to those of Cartier et al.), c = 8.23 Å (shorter than that of Cartier et al. unit cell), 
 =  = 90,  = 120 (cell volume 1603.7 Å3, d = 1.343 g/cm3, heat of fusion 155 J/g). 
[78] 
1.3 Motivations and Objectives 
Based on the above comprehensive reviews, although crystal structures of the four 
Poly(lactic acid) (PLA) polymorphs (α, β, γ and stereocomplex) have been successfully 
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proposed based on X-Ray diffraction (XRD) analysis in conjunction with empirical or 
semi-empirical molecular simulations, controversial data are still found in the literature. 
In particular, the crystalline structure of the most common  form has yet to be assigned 
definitely. Three different unit cells were proposed for the PLLA -form [37, 44-45]. The 
space group of the PLA  crystal has been unambiguously assigned as P212121, but actual 
atomic coordinates as well as the helical symmetry associated with PLA  crystals have 
been in dispute. [37, 44] Another puzzle is why the racemic crystal - stereocomplex of 
PLLA and PDLA has a much (~50 °C) higher melting temperature than either of the two 
consisting enantimoric isomers PDLA and PLLA. [13] The mechanism of the thermal 
stability enhancement is still unclear. There has been no systematic research that 
compares the relative stability among PLA polymorphs. 
Vibrational spectroscopic (Infrared and Raman) studies have been conducted in 
conjunction with theoretical normal mode coordinate analysis on an isolated helical PLA 
chain to re-examine the structures of poly(lactic acid). [49, 51-52] While the previous 
vibrational spectroscopic results supported X-ray diffraction findings that PLLA polymer 
chains took helical conformations in the crystal unit cells, a large number of vibrations 
remained unexplained. Especially the splitting (three Raman bands or five infrared bands) 
in the carbonyl stretch region (from 1700 to 1850 cm
-1
) for crystalline PLA cannot be 
explained by the helical structure alone. The carbonyl C=O stretching band is the most 
important because it is a localized vibration mode, almost uncoupled from the vibration 
modes of the chain skeleton and generally well resolved in the infrared spectrum. 
However, the effects of intermolecular interactions and mechanisms of absorption of 
radiation can complicate this infrared region. It is therefore essential to understand the 
origin of the spectral components in this stretching band to extract the information. 
Recent studies [79, 80] explained the spectral features by including crystal group analysis. 
However the splitting mechanisms are unclear. Meaurio et al. attributed the strong split of 
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the E1 mode centered at about 1759 cm
-1
 to the transition dipole coupling (TDC) 
interactions and suggested that the excitonic interaction might occur in a collective mode. 
[80] However the classical dipole-dipole interaction model they used could not correctly 
simulate the interaction involving the dynamic couplings with electron transitions. 
While there have been extensive studies on the preparation condition and applications of 
sc-PLA, few has been done on the mechanism studying. In the literature, empirical 
conformation analysis, [62] semi-empirical methods: molecular mechanics (MM), [39, 
63], molecular dynamics (MD) [44] and Monte Carlo (RMMC) methods [65] had been 
employed in studying conformations and properties of an isolated PLA polymer chain; 
chain packing energy in PLLA -form, refined structure and elastic and shear moduli, 
[81] water permeation. [82, 83] In these studies, usually rigid structural parameters, i.e. 
bond lengths and bond angles (values taken from gas phase microwave structural analysis 
of small molecules) were assumed. Torsion angles around the backbone bonds were the 
only degree of freedoms. The advantages of these empirical methods are simple and fast. 
However, the simulation results depend the force field used: potential function formula 
and parameters (partial charge assignment methods, L-J potential parameters, bond 
lengths and angles et al.), not transferable and comparable. In contrast, no empirical input 
parameters and geometry constraints are needed in quantum mechanics methods, though 
being computationally more intensive. Ab initio and DFT methods have been applied to 
study lactic acid, [84] lactide, [85] oligomers, [86-88] amorphous PLA [89] and PLA 
interactions with water [90] (for understanding hydrolytic degradation mechanism). 
However, to the best of our knowledge, there is no ab initio / DFT study on crystalline 
PLA. 
Hence one of the main aspirations of this study was to investigate the PLA crystalline 
structures and intermolecular interactions using quantum mechanics computational 
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techniques. In addition, some of the intrinsic properties of PLA single crystal can be 
predicted from the DFT optimized structures. The specific objectives were as follows: 
 To investigate the relative stabilities of the four identified crystalline forms of 
PLA using the density functional theory (DFT) methods. The PLA equilibrium 
crystalline structures proposed in the literature will be optimized by quantum 
mechanical computer computations. By a comparison of the ground state total 
energies of these DFT optimized unit cells, the relative stability can be deduced 
among the four different forms. The real PLLA α crystal structure will also be 
determined among the three proposed α crystal models. 
 To calculate the elastic properties of PLA single crystals using finite strain 
techniques in the stress-strain approach. The calculated intrinsic elastic stiffness 
and compliance tensors will be used to further estimate the bulk elastic properties 
of either isotropic or uniaxially oriented PLA fibers using polycrystalline 
aggregate models. 
 To calculate the vibrational and dielectric properties of PLA crystals using density 
functional perturbation theory (DFPT) methods. The vibrational properties: IR 
spectra and the dielectric properties: polarizability / permitivity will be obtained 
by a system response to atomic displacements and to an electric field perturbation, 
respectively. 
The results of this present study may have significant impact on both applications and 
understanding the structure-property relation on the molecular level for the PLA 
biopolymer. The relationship and parallelism of observed behavior to atomic 
microstructure can provide effective structural models. This research will provide 
theoretical insights into the mechanisms of stereocomplex formation and the vibrational 
spectra splitting in the crystalline PLA. Knowledge of stiffness and compliance of PLA 
would be essential for many practical applications of this polymer related to the 
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mechanical and piezoelectric properties. The calculated dielectric properties may be 
useful when assessing this biodegradable sustainable polymer as an alternative insulating 
material to the conventional plactics (like PP and PE). 
1.4 Scopes and Organization of the Thesis 
PLA is a semicrystalline polymer which contains both crystalline and amorphous phases 
in normal conditions. Moreover the interconnections between the crystalline and 
amorphous phases are very complicated. Composite models have to be built to simulate 
the realistic polymer. To calculate the properties of such models directly are beyond the 
capacity of the DFT method because it is computationally intensive. Therefore this study 
focused on the crystalline phase of PLA only. The bulk properties were estimated based 
on simplified polycrystalline aggregate models. [91-93] 
In this study, we present our systematic investigations on the energetic, structural, 
electronic, elastic, vibration and dielectric properties of PLA polymorphs by employing 
the first-principles method in the framework of density functional theory (DFT) self-
consistent field (SCF) calculations within the generalized-gradient approximation (GGA). 
Our objective is to provide a theoretical understanding on the mechanism of superior 
thermal stability through stereocomplexation of PLA and the intermolecular interactions 
in PLA crystals. This work is organized as follows: In next chapter, we will provide a 
summary on the computational methods used. The calculation results will be presented in 
chapters 3 to 5. In chapter 6, we will turn our attention from theoretical study to the 
applications. A few examples of multiphase materials (graft/star copolymers, blends, and 
composites) containing PLA stereocomplex will be explored. In the last chapter we will 
summarize what have been achieved and the perspectives. 
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In this thesis, we have utilized the first principles techniques to investigate atomic scale 
structures of crystalline poly(lactic acid) and predict some of the physical properties. In 
particular we have employed pseudopotential based plane wave techniques to perform 
most of our calculations. Hence in this chapter, the basics of the first principles theory are 
briefly described. For details related to implementation and parameter selection to a 
specific problem, see the computational method sections in the subsequent three chapters 
(3 to 5). 
A fundamental understanding of any crystalline structure requires knowledge of behavior 
of the valence electrons which helps bind the atoms together. As we know that the 
interactions between atoms are governed by the laws of quantum mechanics. One key 
attribute of quantum theory is its capability to correctly predict the total energy of a 
system. This attribute happens to be an important one because practically all the physical 
properties of a given system can be correlated in one way or the other to the total energy. 
However, the task of calculating the total energy is not a straightforward one as it requires 
taking into account all the interactions between the ions and electrons in a systematic 
way. In other words, this leads to the almost impossible task of solving the Schrödinger 
equation for the many-body problem. Even in classical mechanics, the problem of 
interacting particles presents great difficulties when exact solutions are sought. In 
quantum mechanics as well, there is hardly a single worthwhile problem with realistic 
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interactions (even as simple as H2 molecule) which can be solved precisely. Therefore, 
one has learnt to be content with the approximate solutions. 
The Born-Oppenheimer (BO) approximation [1] separates the calculation of the 
electronic structure from that of the ionic motion. However, to treat the quantum states of 
interacting many-electron systems is still not easy. Among the many schemes, the first 
principles (also commonly called ab initio) methods are the most efficient because it 
involves using density functional theory (DFT), [2, 3] which states that all the ground 
state properties of a many electron system depend on the electronic density. It replaces 
the traditional wave functions description with a much more tractable description in terms 
of charge density. This avoids the calculation of many-electron wavefunction. In addition, 
the Kohn-Sham equation maps the interacting electron problem onto an equivalent non-
interacting problem, which is computationally easier to work with. 
DFT has become the most frequently used methodology of predicting the physical 
properties of vast range of materials with good accuracy but moderate computational 
effort. It has found its way into many fields, including condensed matter physics, material 
science, chemistry, and biology. Using DFT, one can easily calculate the total energy of 
the system, electron density, electronic energy levels, forces on the nuclei, equilibrium 
bond lengths and angles and many other useful quantities. The quantum mechanically 
derived forces can further be used to describe the dynamical behavior of the system 
studied. 
More recently developed techniques: density functional perturbation theory (DFPT) [4, 5] 
enlarges the extent of the DFT Hamiltonian to allow the first principles calculation of 
lattice dynamics [6] and response to external electromagnetic fields. The DFPT provides 
an analytical way of computing the derivatives of the total energy with respect to a given 
perturbation. The first-order DFPT yields the linear response of Kohn-Sham orbitals 
relating to the external perturbation and the second-order response of the energy by using 
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the so called “2n+1 theorem”, [7-9] which states that the (2n+1)th-order response of the 
energy may be calculated using only the nth-order response of the Kohn-Sham orbitals. 
Depending on the nature of the perturbation, a number of physical properties can be 
calculated. For examples, derivatives of energy with respect to atomic position, applied 
electric and magnetic field give vibrational frequencies, molecular polarizability or 
dielectric permittivities, and nuclear magnetic resonance chemical shifts and magnetic 
susceptibilities, respectively. Sometimes it is also possible to calculate a response using a 
finite-difference approach [10] to obtain the necessary derivatives. It is noted that the 
finite-difference method is not applicable to compute the response to an incommensurate 
phonon wave vector or a finite electric field in a periodic solid. In contrast, the DFPT is 
capable to treat the incommensurate perturbation using only a primitive-cell calculation 
and the response to an infinitesimal electric field. 
2.2 Lattice Dynamics from the Electronic Structure Theory 
2.2.1 Born-Oppenheimer Approximation 
The adiabatic approximation of Born and Oppenheimer [1] decouples the vibrational 
from the electronic degrees of freedom in a solid. Within this approximation, the lattice-
dynamical properties of a system are determined by the eigenvalues  and eigenfunctions 
 of the Schrödinger equation: 

















,                                                                   (1) 
here RI is the coordinates of the Ith nucleus, MI its mass,  IRR   the set of all the 
nuclear coordinates, and E(R) is the clamed-ion energy of the system, which is often 
referred to as the Born-Oppenheimer energy surface. In practice, E(R) is the ground state 
energy of a system of interacting electrons moving in the field of fixed nuclei, whose 
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Hamiltonian – which acts onto the electronic variables and depends parametrically upon 
R - reads 



























,                   (2) 
where ZI is the charge of the Ith nucleus, -e is the electron charge. The equilibrium 











F ,                                                                                                     (3) 
whereas the vibrational frequencies  are determined by the eigenvalues of the Hessian of 














.                                                                               (4) 
The calculation of the equilibrium geometry and of the vibrational properties of a system 
hence comes to computing the first and second derivatives of its Born-Oppenheimer 
energy surface. The basic tool for carrying out this task is the Hellman-Feynman theorem.  
2.2.2 Hellmann – Feynman Theorem 
The Hellmann-Feynman theorem [11, 12] states that the first derivative of the eigenvalues 
of a Hamiltonian, H , which depends on a parameter , is given by the expectation value 












,                                                                                              (5) 
where  is the eigenfunction of H corresponding to the E eigenvalue: 
H  = E .                                                                                                        (6) 
In the Born-Oppenheimer approximation, nuclear coordinates act as parameters in the 
electronic Hamiltonian Eq. (2). Hence, the force acting on the Ith nucleus in the electronic 
ground state is  
























,                                                               (7) 
where (r, R) is the electronic ground-state wavefunction of the Born-Oppenheimer 
Hamiltonian HBO (R). This Hamiltonian depends on R via the electron-ion interaction that 
couples the electronic degrees of freedom only through the electron charge density. The 
Hellman-Feynman theorem in this case that 
 




















  ,                                                                             (8) 
where VR(r) and EN(R) are the electron-nucleus interaction and the electrostatic 






















,                                                                                         (10) 
and nR(r) is the ground-state electron charge density corresponding to the nuclear 
configuration R. 
The Hessian of the Born-Oppenheimer energy surface in Eq. (4) is obtained by 
differentiating the Hellmann-Feynman force with respect to nuclear coordinates, 
     
 













































.                (11) 
Eq. (11) states that the calculation of the Hessian of the Born-Oppenheimer energy 
surface requires the calculation of ground-state electron charge density nR(r) as well as its 
linear response [13, 14] to a distortion of the geometry, ∂nR(r)/∂RI. The Hessian matrix is 
generally called the matrix of the interatomic force constants. 
2.3 Density Functional Theory (DFT) 
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DFT is a powerful formulation of many-body quantum mechanics, which states that the 
ground state properties of a many-particle system depend only on the density. In 
particular, the ground state density is found by minimizing the energy functional (under 
the constraint that the integral of the density equals to the total number of electrons), 
whose value at the minimum also gives the ground state energy. The foundation of DFT 
is given by the Hohenberg-Kohn theorem. 
2.3.1 Hohenberg - Kohn Theorem [2] 
The theorem contains two parts. The first part of the theorem proves that for an 
interacting system of electrons in an external potential V(r), the ground state expectation 
value of any observable is a unique functional of the ground state density. The second 
part of the theorem states that there exists a universal functional F[n(r)] for which the 
energy functional  
          rrrrr dVnnFnE                                                                              (12) 
reachs a minimum value at the ground state density n0(r).  
This theorem gives no explicit information on the form of the functional. 
2.3.2 Kohn - Sham Equation [3] 
In 1965, Kohn and Sham proposed the Kohn-Sham formalism [3]. 










0                                                   (13) 
where the first term is the kinetic energy of a system of noninteracting electrons as a 
functional of its ground state charge density distribution, the second term is the classical 
electrostatic self-interaction of the electron charge density distribution, and so-called 
exchange-correlation energy Exc is determined by Eq. (13). 
Variation of the energy functional Eq. (13) with respective to n(r) with the fixed total 
number of electron constraint leads to the same equation as would hold for a system of 
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noninteracting electrons subject to an effective potential, the so-called self-consistent 
field potential: 










                                                                     (14) 








  is called the exchange-correlation 
potential. With the effective potential, the interacting many-electron question becomes to 
solve the one-electron Schrödinger equation (Kohn-Sham Eq.): 


















.                                                                    (15) 
wheren(r) is called Kohn-Sham orbitals. And the density is 









in rr                                                                                                    (16) 
where N is the number of electrons. Once the form of the exchange-correlation energy is 
known, this equation can be solved in a self-consistent way. 
2.3.3 Approximtions of the Exchange-Correlation Energy 
The final term of Eq. (13), the exchange-correlation energy, requires some approximation 
for this method to be computationally tractable. While the local density approximation 
(LDA) [15, 16] is based on the uniform electron gas assumption, the non-local 
genernalized-gradient approximation (GGA) [17, 18] takes into account the 
inhomogeneity of the electron gas which naturally occurs in any molecular system.  
2.4 Density Functional Perturbation Theory [5] 
The electron-density linear response of a system determines the matrix of its interatomic 
force constants. This response can be obtained within density functional theory. This 
procedure is usually referred to as density functional perturbation theory. [19-20, 7] 
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Assume that the external potential acting on the electrons is a differentiable function of a 
set of parameters   {i} (in the case of lattice dynamics, it is RI). According to the 



















,                                                                                        (17) 
 
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.                                                  (18) 
The electron density response, ∂n(r)/i can be evaluated by linearing Eqs. (14 to16) 
(according to the standard first-order perturbation theory): 
























                                           (19) 
    nnSCFnnSCF VH   ,                                                                (20) 





















is the unperturbed Kohn-Sham Hamiltonian and 
nSCFnn V    is the first-order variation of Kohn-Sham eigenvalue n. The finite-










and the superscripts in Eqs. (19) to 
(21) have been omitted. Eqs. (17) to (21) form a set of self-consistent equations for the 
perturbed system completely analogous to the Kohn-Sham Eqs. (14) to (16) in the 
unperturbed case. 
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CHAPTER 3  
A DFT Study of Poly(lactic acid) Polymorphs 
As reviewed in Chapter 1, poly(lactic acid) (PLA) can crystallize in -, -, - and 
stereocomplex (sc)- forms. It has been shown that the formation of stereocomplex 
between poly(L-lactic acid) and poly(D-lactic acid) significantly improve thermal 
stability and mechanical properties. However the mechanisms of the enhancements are 
still unclear. In this chapter, we will investigate the PLA polymorphs from the first-
principles theoretical perspective in order to understand the intermolecular interaction in 
the crystals. Density functional theory at the level of Perdew-Wang generalized-gradient 
approximation was applied to optimize PLA crystal unit cells. A comparison of energies 
in the various unit cells reveals that sc-form is the most energetically favorable form 
among the four PLA polymorphs. The order of thermodynamically relative stability is 
that sc-form is 0.3, 1.1, and 1.3 kcal/mol more stable than -form, -form, and -form, 
respectively (when using the ultrasoft pseudopotential and a plane-wave basis set with an 
energy cutoff of 380 eV) or 0.4, 1.1, and 1.3 kcal/mol more stable than -form, -form, 
and -form, respectively (when employing the density functional semi-core 
pseudopotentials and the double numerical plus polarization orbital basis set with a global 
orbital cutoff of 3.7). In addition to the energetic properties, structural and electronic 
properties were calculated as well. The theoretical predicted stability rank is in agreement 
with some reported observations. Such as, sc-form has higher melting point and larger 
heat of fusion than those of α-form. The enhanced thermal stability of the sc-form 
compared to the other three homopolymer forms may be attributed to the unique 
intermolecular non-conventional hydrogen bonding C-H···O(=C) network in the 
stereocomplex. 




Poly(lactic acid) or polylactide (PLA) is a promising “green” plastics. The research 
interests in PLA arise not only from its environmentally benign synthesis and potential 
applications, but also from the great diversity of this polymer’s chain architectures and 
crystalline structures. The precursor of PLA, lactic acid (2-hydroxypropanoic acid, 
C3H6O3) is chiral, which leads to isotactic, syndiotactic and atactic/herterotactic PLA 
primary structures upon polymerization. The presence of repeating units with L- and D- 
opposite configurations in PLA polymer has been shown to provide a useful mean of 
adjusting physical and mechanical characteristics. PLA can be amorphous or crystalline, 
in general semicrystalline. Both poly(L-lactic acid) (PLLA) and poly(D-lactic acid) 
(PDLA) are isotactic, can crystallize in one of three polymorphs: -, - and -form [1-3]. 
More importantly, a 50-50 physical blend of PLLA and PDLA creates a new crystal 
structure - stereocomplex (sc)-form with a melting point Tm of 230 C, about 50 ºC higher 
than its individual components [4]. 
The structures of  [1,5-8],  [2,5,9],  [3]  and sc [3,4,10-12] forms have been solved by 
diffraction techniques combined with classical simulations. Empirical conformation 
analysis [1,13] and semiempirical molecular simulations (molecular mechanics (MM) 
[8,11,14],
 
molecular dynamics (MD) [7,11]
 
and rotational isomeric state (RIS) model 
Monte Carlo  (RMMC) [15,16]) have been employed in investigating conformations and 
properties of PLA isolated molecular chains and their packing in a crystal. The studies 
showed that the lowest energy conformation of single PLLA chain is either left-handed 
helical 103 or 31. The chain packing and the intermolecular interactions in a crystal would 
disrupt the regular helical conformations. The destabilization of the -helix type 
conformation was attributed to the repulsive electrostatic dipole-dipole interaction 
(electrostatic effect) between the dipoles associated to the ester groups [1]. In these 
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classical studies, rigid structural parameters (i.e. fixed bond lengths and bond angles, 
values being taken from small molecules gas phase microwave structural analysis) were 
normally assumed. The ester bond was assumed planar trans and methyl group was 





-C were the only degrees of freedoms. The advantages of these 
empirical methods are simple and fast, can be applied to large systems.  However, the 
simulation results depend on the forcefields used:  potential functions and parameters 
(partial charge assignment methods, L-J potential parameters, equilibrium bond lengths 
and angles etc, moreover, these parameters not being transferable). Hence it is very 
difficult to compare the results obtained using different forcefields.  In contrast, no 
empirical input parameters and molecular geometry constraints are needed in quantum 
mechanics simulation, though it is computationally more intensive. Ab initio methods 
have been used to study lactides [17], amorphous PLA [18],
 
oligomers (with repeat unit n 
 3) [19-20] and their interactions with water [21]. However, to the best of our 
knowledge, there is no ab initio study done on crystalline PLA, except one done by the 
same authors of this work on elastic constants of single PLA crystals [22].  
In this chapter, we present a comprehensive investigation on the energetic, structural, and 
electronic properties of PLA polymorphs by employing a quantum mechanical method in 
the framework of density functional theory (DFT) self-consistent field (SCF) calculations 
within the generalized-gradient approximation (GGA). Our objective is to provide a 
theoretical understanding on the mechanism of superior thermal stability through the 
forming of stereocomplex and the intermolecular interactions in PLA crystals. This 
chapter is organized as follows: In next section, we first discuss the computational 
methods in details. In Section 3.3, we present the results of our DFT calculations and 
findings. Finally, our conclusions are in Section 3.4. 
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3.2 Computational Details 
The initial structures of PLLA -, - and -form and PLLA/PDLA = 50/50 stereocomplex 
sc-form were built according to crystallographic data published in literature [3, 5-9].
 
Hydrogen atoms were added to non-fully valent carbon atoms whenever necessary. 
Historically, three different unit cells have been proposed for PLLA -form [6-8]. In 
order to clarify which one is energetically more favorable, we carried out DFT 
calculations for all of them. Details of the six starting PLA crystal structures built for 
DFT geometry optimization are summarized in Table 3.1. We shall refer to the denoted 
crystal structure codes in the subsequent sections.  
Table 3.1. The six PLA crystal unit cells built based on the crystallographic data 

























Triclinic;P1 a = 10.6
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, b = 6.1, c = 










a = 10.6, b = 6.1, c = 
28.8;  =  =  = 90; 
C60H80O40; 1.285 
2; 103 helices; 
antiparallel 





a = 10.66, b = 6.16, c 
= 28.88;  =  =  = 




10; 20 [8] 
-form Trigonal; P32 a = b = 10.52, c = 








3; 9 [9] 
-form Monoclinic; 
P21 
a = 9.95, b = 6.25, c 





3; 6 [3] 
sc-form Trigonal; R3c a = b = 14.98, c = 
8.8;  =  = 90,  = 
120; C54H72O36, 
1.260 




3; 18 [3] 
* In reference 6, a = 10.5 Å, here the lattice constant “a” is set to the same value (10.6 Å) as that of 
references 5 and 7,  for the convenience of comparison of energies between parallel and antiparallel 
packing. 
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Geometry optimization: relaxation of internal atomistic coordinates was carried out by 
using quasi-Newton method Broyden-Fletcher-Goldfarb-Shannon (BFGS) minimization 
algorithm [23] within the constraints of lattice parameters and space group symmetry. We 
did not intend to optimize the cell sizes because the densities of the starting structures (in 
grams per cm
3
): 1.260 (sc-form), 1.262 or 1.285 (-form), 1.277 (-form) and 1.312 (-
form) as indicated in Table 3.1, are already in the range of experimental measurements: 
1.290 g/cm
3
 for crystalline PLA and 1.248 g/cm
3
 for completely amorphous PLA [24]. 







both being available in the Materials Studio software suite (Accelrys 
Inc.). The nonlocal exchange-correlation: generalized-gradient approximation - Perdew-
Wang functional (GGA-PW91) was used unless specified. Two different types (local and 
nonlocal) of basis sets were used. In DMol
3
, numerical orbitals are used for basis 
functions, each function corresponding to an atomic orbital. The double numerical plus 
polarization (dnp) with a global orbital cutoff of 3.7 Å was implemented because the dnp 
basis set is the most accurate and important for hydrogen bonding. For crystals, according 
to the Bloch’s theorem, the periodic conditions make it simple to use a plane wave basis 
set (pw) to expand the electron wave function. Implementation of plane wave basis set in 
study crystal systems has two merits. The kinetic energy is diagonal and potentials are 
described in term of the Fourier transforms. Stresses and forces are computationally 
cheap in this approach. In CASTEP, a plane wave basis set with an energy cutoff of 340 
eV was employed for the geometry optimization; Core electrons are represented in 
pseudopotentials. Whereas norm-conserving psedopotentials - the density functional 
semi-core pseudopotentials (dspp) generated by fitting all-electron relativistic DFT results 
- was chosen in DMol
3
, the ultrasoft psedopotentials (usp) was used in CASTEP because 
it is more efficient, with the lowest possible cutoff energy for the plane wave basis set. 
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The geometry optimization convergence tolerances of energy, maximum force, and 
maximum displacement are 1.0e
-5
 eV/atom, 0.03 eV/ Å and 1.0e
-3
 Å, respectively. 
3.3 Results and Discussion 
Unit cell total energy (Ecell) of PLA single crystal (-, -, - and sc-form) was calculated 
at DFT relaxed geometries. The structural and electronic properties were also determined 
at the optimized structures. 
3.3.1 Relative Stability of Various Poly(lactic acid) Crystals  
The calculated Ecell of various PLA crystals are given in Table 3.2. As the total energy is 
negative, when the absolute value is larger, the cell energy is lower and the corresponding 
crystal structure is more stable. For the three different proposed unit cells of -form, the 
-form-2003 > -form-2001 > -form-1995. Therefore, the 
distorted 103 helices and antiparallel packing -form-2003 is the most stable among the 
three unit cells of -form.  
Table 3.2. Energetic properties: unit cell total energy (Ecell), monomer energy Emonomer = 
Ecell/Nmonomer and relative energy E (compared to sc-form) of PLA polymorphs at the 
levels of GGA-PW91-dspp/dnp (DMol
3
) and GGA-PW91-usp/plane wave basis set 
(CASTEP). 
 
Crystal code E (kcal/mol) at the level of theory  
GGA-PW91-dspp/dnp (cutoff 3.7 Å) 
E (kcal/mol) at the level of theory 
GGA-PW91-usp/pw (cutoff 340 eV) 
-form-1995 1.7 2.3 
-form-2001 0.9 1.3 
-form-2003 0.4 0.6 
-form 1.1 1.3 
-form 1.3 1.3 
sc-form 0 0 
The reference 
values  
Ecell(sc-form) = -4809.9331985 
hartree 
Emonomer(sc-form) = -267.2185110 
hartree 
Ecell(sc-form) = -25372.0504 eV 
Emonomer (sc-form) = -1409.5584 
eV 
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A comparison of energies amongst dissimilar forms: -, -, - and sc-form is not 
straightforward because their unit cells hold different numbers (Nmonomer) of PLA 
monomers (C3H4O2) (refer to Table 3.1). So we normalized the cell energies to per 
monomer, Emonomer = Ecell/Nmonomer (i.e. total energy of a unit cell was divided by the 
number of monomers which contains). Table 3.2 shows that values of Emonomer in the 
various forms are rather close to each other and the stereocomplex has consistently the 
lowest energy and hence is the most stable crystal structure of PLA no matter at which 
level of approximation. For the convenience of comparison, monomer energy difference 
between a homo-crystal and the stereocomplex is defined as E = Emonomer(-, -, - and 
sc-form) – Emonomer(sc-form). According to this definition, E > 0 indicates a less stable 
structure than the sc-form. As shown in Table 3.2, the -form and -form are 
energetically indistinguishable at the level of GGA-PW91-usp/plane wave basis set with a 
energy cutoff of 340 eV. Increasing the plane wave basis set energy cutoff from 340 eV 
to 380 eV when calculating single-point energies of the unit cells optimized at the cutoff 
340 eV, and then we can get the difference. In addition, the energy (monomer) 
convergences of PLA polymorphs relating to the basis set energy cutoff are illustrated in 
Figures 3.1 (a) and (b) (where the alternative GGA-Perdew-Burke-Ernzerhof (PBE) 
functional and on the fly (otf) pseudopotentials were chosen to check the consistencies). 
The numerical values are available in Table A1 in Appendix A. For GGA-PW91-usp/pw, 
a cutoff of 380 eV is enough to differentiate the four PLA polymorphs correctly while for 
GGA-PBE-otf/pw the cutoff increases to 500 eV (minimum) to 610 eV. Hence using the 
ultrasoft pseudopotetials can reduce computation cost in the case of a plane wave basis 
set.  
In summary, the order of stability is as follows: sc-form (0) > -form (0.3) > -form (1.1) 
> -form (1.3) (DFT calculation at the level of GGA-PW91-usp/pw(cutoff 380 
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eV)//GGA-PW91-usp/pw(cutoff 340 eV)) or sc-form (0) > -form (0.4) > -form (1.1) > 
-form (1.3) (DFT calculation at the level of GGA-PW91-dspp/dnp (orbital cutoff 3.7 
Å)). Hence, using either a localized numerical (dnp) or a delocalized plane wave basis set, 
similar trend of relative stability for these PLA polymorphs can be predicted. When 
employ a plane wave basis set, the energy cutoff must be large enough to ensure the 
energy convergence. 
 
Figure 3.1. Convergence of (monomer) energy of PLA with respect to basis set energy 
cutoff (a) GGA-PW91-usp/plane wave basis set (cutoffs: 300, 340 and 380 eV) (b) GGA-
PBE-otf/plane wave basis set (cutoffs: 450, 500, 550 and 610 eV), calculated at unit cell 
(a) 
(b) 
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geometries optimized at the level of GGA-PW91-usp/plane wave basis set (cutoff 340 
eV). In the legends, “alpha” means alpha-form-2003. 
 
Earlier experimental studies show that the most common and stable phase of PLLA is -
form. The heat of fusion (Hf) of PLLA with 100% crystallinity was 93 J/g estimated by 
Fischer et al. [24].
 
  (Higher values up to 148 J/g had been reported as well [28-29].) The 
melting temperature of PLLA is 185 C [5] and equilibrium melting temperature (Tm
0
) is 
215 °C [30]. When drawing fibers of PLLA at a high draw ratio and temperature, -form 
transformed to a less stable -form [2], which has a lower melting point of 175 C [5]. 
Different forms can coexist and one form can change into another under thermal or 
tension influence [2, 5, 31-32].
 
The sc-form has a much higher melting temperature 230 
°C [4].
 
 Hf of stereocomplex had been established 142 J/g [28]
 
by Loomis and Murdoch. 
Kang et al. [33]
 
 had examined PLA stereocomplex by Raman spectra and concluded that 
C=O stretching bands were related to the packing formation of the polymer chain. By 
combining Raman spectroscopy and DSC techniques, they deduced Hf of stereocomplex 
to be 126 J/g. More recently Sawai et al. reported the highest value of Hf (sc-form) 155 
J/g [34]. The equilibrium melting temperature of sc-form is 279 °C [35-36].
 
Varied 
measured values of Hf and Tm
0
 for same type of crystalline PLA may be caused by 
different molecular weights and sample preparation conditions and limited by the 
difficulty in obtaining pure infinite single crystals. Nevertheless, our theoretical 
calculated rank of relative stability of the PLA polymorphs is in agreement with some of 
the experimental studies: the melting temperature (differential scanning calorimetry 
(DSC) measurement) sequence: sc-form (230 °C, Ikata & Tsuji 1987 [4]) > -form (185 
°C, Hoogsteen et al. 1990 [5]) > -form (175 °C, Hoogsteen et al. 1990 [5]), the 
equilibrium melting temperature sc-form (279 °C, Tsuji & Ikada 1996 [36],Tsuji 2005 
[35]) > -form (215 °C, Kalb & Pennings 1980 [30]); heat of fusion sc-form (155 J/g, 
Sawai 2007 [34]) > -form (93 J/g, Fischer 1973 [24]); Activation energy for thermal 
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degradation: PLLA/PDLA film (205-297 kcal/mol) > PLLA film (77-123 kcal/mol) 
(Tsuji & Fukui 2003 [37]) ; scPLA-H (125-180 kcal/mol) > PLLA(80-120 kcal/mol) (Fan 
et al. 2004 [38]).  
The intermolecular forces determining the packing of the polymer in crystal lattice 
apparently perturb the conformation of an isolated chain. Molecular symmetry and the 
non-bonded intra- or intermolecular interactions can affect the melting point, degree of 
crystallinity and glass transition temperature (Tg) [39].
 
 Melting is a first-order 
thermodynamic transition, and the melting temperature, Tm, depends on the ratio of 
enthalpy and entropy of fusion Tm = Hm/Sm. Rigid molecules or molecules with strong 
intermolecular forces (e.g. hydrogen bonds) have high melting points due to low entropy 
of fusion. Poly(glycolic acid) or poly(glycolide) (PGA) is semicrystalline with high 
crystallinity (50%) and Tm (230 C) and a Tg of about 40 C. Early X-ray diffraction work 
revealed that the unit cell contains two antiparallel polymer chains and these chains have 
a sheet like molecular arrangement of planar zig-zag conformations. Also the C=O groups 
of the adjacent polymers in the unit cell overlap. The density of the crystal was 
determined to be rather high at 1.69 g/cm
3
. It was suggested that the small -CH2- group 
allows close packing and strong dipole interactions among esters, produces the 
abnormally high melting temperature and insolubility of the polymer [40].
 
In contrast to 
PGA, the pendant methyl groups force the PLLA chains to be helical (either 103 or 31). 
PLLA is also semicrystalline but with lower crystallinity (35-40%) and a lower Tm (180 
C), presumably due to methyl groups acting to partially shield dipole-dipole interactions. 
The Tg of PLLA is around 60 C opposed to PGA 40 C, as the bulky methyl group 
increases rotational barriers along backbone bonds (compared to PGA). PLLA is not 
flexible at lower temperature. For PLA sc-form, the higher melting temperature could 
arise from some additional special intermolecular interactions. 




3.3.2 Optimized Molecular Structural Parameters of PLA 
Tables 3.3 and 3.4 summarize the DFT optimized PLA molecular structural parameters - 
the average bond lengths, bond angles and torsion angles, in various conformations: 
isolated helical 103 and 31 chains and their minor distortions in the various crystals. While 
most of calculated bond lengths agree well with those reported empirical structural 




 bond length 1.50 ~1.52 Å in the crystals is shorter than 
1.54 Å of a single chain. This is because in some force fields or experimental 
characterizations, the methyl groups were generally treated as a united atom and 





 (1.09 Å) is longer than 1.07 Å (single chain). It is possible due to that 




 takes part in the non-conventional hydrogen bonding C-HO=C 
in the crystals. The attractive interaction between the C-H and C=O may lead to the 
elongation of the C-H bonds. The assumption that the ester bond is planar trans is not 




 is in the range of 
167.5 to 175.1°, about 10° deviation from 180° (planar trans) except for -form. Our DFT 
calculated bond lengths are agree well with those reported by Blomqvist et al. [19-20]: 
C





 1.531 Å, which were calculated at the 
level of B3LYP/6-31+(d) using a localized analytical Gaussian basis set for PLA 


















 1.093 Å calculated at the level of B3LYP/6-31(d) for l-lactide [17].
 
The size of the 
numerical local basis set dnp adopted by us is comparable to the polarized Gaussian basis 
set 6-31G(d, p). 




Table 3.3. Molecular structural parameters of a helical 103 PLA single chain reported and 
those calculated in the DFT optimized -form unit cells. 
 
103 helix Single 
chain 
-form-1995  -form-2001  -form-2003  
 Refs. 
[13, 41]  
DMol
3
  CASTEP  DMol
3
  CASTEP  DMol
3
  CASTEP  
Bond length (Å) 
O-C

 1.44 1.446 1.431 1.448 1.434 1.450 1.437 
C

-C 1.52 1.519 1.502 1.522 1.507 1.523 1.508 
C-O 1.34 1.353 1.338 1.354 1.340 1.354 1.340 















 NA 1.094 1.088 1.094 1.088 1.094 1.088 
Bond angle (°) 
O-C

-C 110 110.2 110.3 109.3 109.7 109.2 109.2 
C

-C-O 114 108.9 109.2 109.5 109.8 109.6 110.2 
C-O-C

 113 115.8 116.5 115.2 116.4 115.2 116.4 
C

-C=O 121 125.9 125.9 125.2 125.6 125.6 125.2 










 110 109.2 109.2 109.3 109.3 109.1 109.1 
Torsion angle (°) 
O-C

-C-O 160 155.9 155.5 160.4 159.9 161.7 161.6 
C-O-C






 180 174.1 173.9 172.0 170.6 172.4 172.6 
 




Table 3.4. Molecular structural parameters of a helical 31 PLA single chain reported and 
those calculated in the DFT optimized -, - and sc-form unit cells. 
 
31 helix Single 
chain 
-form  -form  sc-form  
 Ref. [10] DMol
3
  CASTEP  DMol
3
  CASTEP  DMol
3
  CASTEP  
Bond length (Å) 
O-C

 1.44 1.455 1.440 1.450 1.439 1.457 1.442 
C

-C 1.52 1.520 1.506 1.520 1.507 1.524 1.507 
C-O 1.34 1.351 1.338 1.354 1.339 1.351 1.337 















 NA 1.094 1.088 1.094 1.089 1.093 1.090 
Bond angle (°) 
O-C

-C 110 108.7 109.2 108.3 108.4 108.6 108.8 
C

-C-O 114 110.5 111.0 110.2 111.0 110.8 111.3 
C-O-C

 113 114.9 115.9 114.3 115.7 114.6 115.9 
C

-C=O 121 124.7 124.6 125.0 124.3 124.5 124.2 










 NA 109.1 109.1 109.5 109.6 109.3 109.1 
Torsion angle (°) 
O-C

-C-O 151.4 / 
148.3 
149.2 148.9 153.8 153.838 149.4 148.8 
C-O-C

-C -75.0 /    
-73.7 





 180 171.9 172.8 167.6 167.5 172.5 174.1 
O-C

-C-O -151.4 /  
-148.3 
    -149.4 -148.8 
C-O-C

-C 75.0 / 
73.7 





 180     -172.5 -174.1 
 
3.3.3 Population analysis - Mulliken Charges  
In classical mechanics simulation, to calculate electrostatic interaction terms in the 
forcefields, atomic charges must be specified. For some simple and small systems, the 
atomic charges can be inferred from experimental data or calculated using ab initio 
methods.  For large systems like polymers, there are two methods for calculating 
approximate atomic point charges: the Gasteiger [42]
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The calculated atomic charges are listed in Table 3.5. By utilizing the localized dnp basis 
set in the DFT calculations, we find that charges on H

 atoms in the sc-form are larger 
than those in -, - or -form.  In addition, the charges on three H atoms of the same 
methyl group are unequal, particularly in sc-form. These are indications of forming intra- 
and/or inter-chain non-conventional hydrogen-bonding in the polymer crystals and will be 
discussed further in the next section.  
Table 3.5. Calculated atomic charges (unit: e) of PLA molecule in various forms. 
 
DFT calculation at the level of GGA-PW91-dspp/dnp (orbital cutoff 3.7 Å)  


























0.138, 0.138, 0.128 
0.143, 0.126, 0.137 
0.131, 0.143, 0.110  


















0.129, 0.141, 0.149 
0.133, 0.148, 0.135 

































0.108, 0.128, 0.146 
0.119, 0.141, 0.127 
0.129, 0.136, 0.129 
0.128, 0.154, 0.122 
0.117, 0.140, 0.136 
 
3.3.4 Non-conventional Hydrogen Bonding Network in PLA Stereocoplex 
Brizzolara et al. [11] employed classical molecular mechanics (MM) method - Dreilding 
forcefield to study the sc-form formation mechanism. They ascribed the higher melting 
point of sc-form to the specific energetic interaction-driven packing caused by the van der 
Waals forces between helices in the stereocomplex. Zhang et al. [44] used infrared 
spectroscopy to explore the CH3O=C interaction in the sc-form. Their investigation 
indicated that the C=O stretching band of sc-form shows a 5 cm
-1
 low frequency shift 
during the melt-crystallization while that of PLLA does not. Tsuji et al. used solution [45] 
and solid-state [46] NMR to study the stereocomplex formation.  They found that there 
are three resonance lines of the carbonyl carbons at 173.3, 172.0 and 169.7 ppm for the 
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50/50 PLLA/PDLA blend. They assigned the component with spin-lattice relaxation time 
(T1C) 128 s of 173.3 ppm to sc-form and 172.0 ppm T1C = 40 s to homopolymer crystals. 
It has been shown that the weak (or non-conventional) hydrogen bonds [47] are important 
in biological systems [48-49] as well as small organic molecule crystallization [50]. Yates 
J.R. et al. have developed a quantitative method in characterizing the intermolecular C-
HO weak hydrogen bond [51]. They carried out first-principle calculations of 1H 
chemical shift for a full crystal and an isolated molecule respectively and found a good 
correlation between the large chemical shift change and hydrogen bond geometry of both 
short HO distance and large CHO.  
We added carbon C as a hydrogen bonding donor to the conventional donor-acceptor list 
(N, O, S, halogens as both donor and acceptor) and built the hydrogen bonds in the ranges 
of: maximum hydrogen-acceptor distance dHO < 2.72 Å (the van der Waals radius for H 
and O is 1.20 and 1.52 Å, respectively. when the distance dHO is less than the sum of the 
atomic vdW radii, a H-bond may be formed) and minimum donor-hydrogen-acceptor 
angle CHO > 80.  The non-conventional H-bonds geometry analysis for the PLA 




in the short distance dHO : 2.41 ~ 2.55 Å  and almost acute angle CHO: 84.9 ~ 91.5 
ranges. Each PLA repeat unit has one such intermolecular H-bond regardless of 




Ocarbonyl are only found in sc-form. Moreover the angle (CHO) is obtuse 
(135.2), which means more directional and the intensity would be higher. That also can 
explain why the atomic charges on the H

 atoms of sc-form are (about 0.03e) larger than 
those in the other three forms because each H








Ocarbonyl H-bond make the H

 more positively charged than the 
other two non H-bonded H

 atoms of the same methyl group. PLA in the sc-form has the 
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highest number (three) of H-bonds per repeat unit.  The three-dimensional H-bonding 
networks are illustrated in Figure 3.2. For showing just the intermolecular H-bonds, we 
increased minimum angle CHO > 100. The 3D interconnecting and symmetric H-
bonding network in sc-form is very notable. Such strong and unique H-bond network may 
contribute to the much higher melting point of sc-form. In chapter 5, we shall carry out 
DFPT calculations of solid state IR to quantify and differentiate intensities of the 
intermolecular H-bonding interactions in these four PLA crystal structures.  
Table 3.6. Non-conventional H-bonding geometry (dHO < 2.72 Å and CHO > 80) in 





















sc-form 3 intra- C

-H
Ocarbonyl 2.479 87.9 0.180 -0.429 
  inter- C

-H
Ocarbonyl  2.478 135.2 0.180 -0.429 
  inter- C

-H






Ocarbonyl 2.501 88.4 0.149 -0.409 
    2.524 85.9 0.154 -0.412 
    2.547 84.9 0.153 -0.427 
    2.410 91.5 0.162 -0.442 
    2.551 85.1 0.148 -0.416 
   C

-H
Oether 2.685 96.4 0.122 -0.435 
  inter- C

-H
Ocarbonyl 2.280 159.2 0.154 -0.442 
    2.659 158.6 0.136 -0.427 
   C

-H
Oether 2.674 162.2 0.128 -0.435 
-form 2.167 intra- C

-H
Ocarbonyl 2.442 90.1 0.163 -0.424 
    2.484 88.1 0.144 -0.422 
    2.503 87.0 0.145 -0.428 
  inter- C

-H
Ocarbonyl 2.485 135.0 0.143 -0.424 
    2.715 137.4 0.138 -0.422 
    2.397 125.6 0.126 -0.428 
   C

-H
Oether 2.436 148.6 0.143 -0.429 
-form 2.333 intra- C

-H
Ocarbonyl 2.483 90.2 0.151 -0.426 
    2.411 89.3 0.150 -0.413 
    2.428 90.4 0.157 -0.425 
  inter- C

-H
Ocarbonyl 2.506 134.8 0.141 -0.425 
    2.661 127.0 0.129 -0.413 
    2.696 145.1 0.133 -0.426 
    2.683 113.8 0.135 -0.425 
 











Figure 3.2. Three dimensional non-conventional hydrogen bonding C-H O networks 
(light blue dotted lines, dHO < 2.72 Å, CHO > 100) in the PLA crystals: (a) the 2x2x3 
supercell of sc-form; (b) the 3x5x3 supercell of -form ; (c) the 3x3x3 supercell of -
form. (d) the 3x5x1 supercell of -form. Element color codes: red - oxygen, white -
hydrogen, and dark grey - carbon. Left panels are top view and right panels are side view 





















We have carried out a systematic DFT investigation on the PLA polymorphs. The 
calculation results indicate that the sc-form is the most energy-favorable among the four 
PLA forms studied. The stability order is: sc >  >  > , which is correlated to melting 
temperature: sc(230 °C) >  (185 °C) >  (175 °C). We provided a quantitative 
theoretical comparison.  The huge increase in the melting point of the sc-form compared 
to other three homopolymer forms may attribute to the unique three dimensional network 
of intermolecular non-conventional hydrogen bonding C

-H···O(=C), CH3···O(=C) and 
CH3···O(ether)  formed in the stereocomplex crystal. Further DFT calculations of solid 
state NMR and IR are under investigations to quantify the intensity of the weak hydrogen 
bonding interaction in these four crystal forms of PLA. Structural and electronic 
properties of solid PLA have been calculated as well. 
Appendix A 
The energy (monomer) convergences of PLA polymorphs relating to plane-wave basis set 
energy cutoff.  
Table A1. The total energies for DFT geometry optimized at the level of GGA-PW91-
usp/pw (cutoff 340 eV), ultrasoft pseudopotentials) polylactide crystal unit cells using 
CASTEP, various basis set cutoffs, GGA-PBE-otf/pw (energy cutoff 450 eV to 610 eV), 
on the fly pseudopotentials. 








/plane wave basis set 
cutoff 
BFGS Final 
Enthalpy (eV) of 
geometry 








PW91-usp/300eV -28179.9874 -1408.9994 0.241 
 PW91-usp/340eV -28190.6331 -1409.5317 0.616 
 PW91-usp/380eV -28192.9008 -1409.6450 0.291 
 PBE-otf/450eV -28217.8089 -1410.8904 0.605 
 PBE-otf/500eV -28228.6152 -1411.4308 0.559 
 PBE-otf/550eV -28233.1979 -1411.6599 0.542 
 PBE-otf/610eV -28235.2169 -1411.7608 0.538 
-form PW91-usp/300eV -12680.5559 -1408.9507 1.365 
 PW91-usp/340eV -12685.5129 -1409.5014 1.312 
 PW91-usp/380eV -12686.4886 -1409.6098 1.103 
 PBE-otf/450eV -12697.7004 -1410.8556 1.408 
 PBE-otf/500eV -12702.6316 -1411.4035 1.187 
 PBE-otf/550eV -12704.6835 -1411.6315 1.196 
 PBE-otf/610eV -12705.5941 -1411.7327 1.188 
-form PW91-usp/300eV -8453.7870 -1408.9645 1.045 
 PW91-usp/340eV -8457.0216 -1409.5036 1.264 
 PW91-usp/380eV -8457.5963 -1409.5994 1.344 
 PBE-otf/450eV -8465.1325 -1410.8554 1.412 
 PBE-otf/500eV -8468.3526 -1411.3921 1.450 
 PBE-otf/550eV -8469.7226 -1411.6204 1.452 
 PBE-otf/610eV -8470.3302 -1411.7217 1.441 
sc-form PW91-usp/300eV -25362.1771 -1409.0098 0 
 PW91-usp/340eV -25372.0504 -1409.5584 0 
 PW91-usp/380eV -25373.8378 -1409.6577 0 
 PBE-otf/450eV -25396.5003 -1410.9167 0 
 PBE-otf/500eV -25406.1897 -1411.4550 0 
 PBE-otf/550eV -25410.3008 -1411.6834 0 
(Primitive 
cell) 
PBE-otf/610eV -8470.7052 -1411.7842 0 
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CHAPTER 4  
Intrinsic Elasticity of Poly(lactic acid) 
Crystals 
 
In the previous chapter, four existing poly(lactic acid) polymorphs have been optimized 
using DFT methods. In this chapter, we continue to investigate the elastic properties of 
these optimized poly(lactic acid) crystal structures using the first-principles 
pseudopotential plane wave method within the generalized gradient approximation of the 
density functional theory. Stiffness and compliance matrices of poly(L-lactic acid) 
(PLLA) ,  forms, and the stereocomplex (sc) between PLLA and poly(D-lactic acid) 
(PDLA) (50/50) sc-form are calculated using the finite strain technique. The results 
indicate that crystalline poly(lactic acid) are highly mechanical anisotropic. Contributions 
from the crystalline phase to the anisotropy of the elastic modulus in an uniaxially 
oriented poly(lactic acid) fiber are estimated based on a cylindrically symmetric 
polycrystalline aggregate model. Both symmetry and orientation distribution of the 
crystals have been taken into account. Voigt and Reuss bounds of Young’s moduli and 
shear moduli, Poisson’s ratio are calculated from single crystal elastic properties 
obtained. 
4.1 Introduction 
Poly(lactic acid) (PLA) is a biodegradable and biocompatible semicrystalline polymer 
with high tensile strength and Young’s modulus [1, 2] and high shear piezoelectric 
constant [3, 4]. Fibers made of PLA or its copolymers are widely used as sutures. PLA 
screws and pins are used as orthopedic implants. Currently studies have been carried out 
to investigate the potential of using piezoelectric PLLA fiber as a tweezers to manipulate 
cells [5]. Therefore knowledge of stiffness and compliance of PLA is essential for many 
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practical applications related to the mechanical and piezoelectric properties. However no 
measurement of intrinsic elastic constants of PLA single crystal has been performed due 
to the polymer semicrystalline character and the difficulty of preparing a 100% crystalline 
sample. Computer calculations on the molecular level could be a complement to the lack 
of experimental data. 
The low energy conformation of an isolate PLA chain is a helix, either 103 or 31. PLA can 
crystallize in different phases: poly(L-lactic acid) (PLLA) , , and  forms, and the 
stereocomplex (sc) between PLLA and poly(D-lactic acid) (PDLA) (50/50) sc-form [6-9].  
Various unit cells have been proposed from X-ray scattering data combining with 
empirical molecular simulations [9-13]. In Chapter 3, we have employed density 
functional theory (DFT) method to further optimize the geometries of these unit cells.  By 
comparing monomer energy in the optimized unit cells, we found that the stability order 
is sc-form > -form > -form > -form and for the three different PLLA -form unit 
cells, -form-2003 (Sasaki and Asakura) [12] > -form-2001 (Aleman et al.) [11] > -
form-1995 (Kobayashi et al.) [10]. That is, we have proved theoretically that the sc-form 
is the most energetically favored among the various polymorphs and the two helical 
PLLA  chains in the  unit cell when packing in antiparallel is more stable than in parallel 
based on the ab initio calculations. 
The determination of the stiffness and compliance constants in the crystalline regions of 
polymers is important for giving bounds against which practice can achieve. De Oca and 
Ward [14] calculated the stiffness and compliance matrices of PLLA -phase [10] by 
minimizing a strained (0.15%) unit cell potential energy employing a forcefield. A chain 
modulus of 35 GPa and a shear (parallel to the helical axis) modulus of 3 GPa were 
predicted. They attributed the low shear modulus to the effect of bond rotation (because 
of the PLLA molecular helical conformation) on the deformation. However, they also 
                                                                       Chapter 4 Intrinsic Elasticity of Poly(lactic acid) Crystals 
59 
 
found considerable changes in the unit cell lattice constants and angles (i.e. from a = 1.05 
nm, b = 0.61 nm, c = 2.88 nm,  =  =  = 90 to a = 1.09 nm, b = 0.52 nm, c = 3.39 nm, 
 = 94,  = 91,  = 64) during geometry optimization and suspected this may be 
caused by the inadequate estimation of the intermolecular interactions with the forcefield 
used. Actually the crystal structure has already changed significantly and may not be in 
the elastic strain range. Among the stiffness coefficients, only the value of c33 was 
reported with confidence. The existing uncertainty with regards to the accuracy on other 
stiffness coefficients of -PLLA provides a motivation for the present study. In addition, 
there has been no theoretical elastic data reported yet for PLA other polymorphs. 
Empirical models are known to produce errors of the order of at least 10-15% for the 
diagonal components of the stiffness tensor, and the off-diagonal components are 
predicted even less reliably. It is thus preferable to base the calculation of elastic stiffness 
and compliance coefficients on a quantum-mechanical description. The first principle 
calculations have shown reliable results in prediction of elastic properties of inorganic 
compounds for a large variety of materials: metals, semiconductors, insulators and alloys 
etc [15-18]. In this chapter, we report the results of a systematic ab initio study of the 
elastic properties of various crystalline PLA phases. We have used ab initio method by 
means of the CASTEP (Cambridge Serial Total Energy Packege) software [19], 
employing the generalized gradient approximation (GGA) within density functional 
theory (DFT) [20, 21]. 
4.2 Computational Details 
4.2.1 Hooke’s Law and Matrix Notations  
According to the generalized Hooke’s law, the stress (ij) and strain (ij) for small 
deformations to a crystal are linearly related by  
)3 ,2 ,1 ,,,(  lkjic klijklij  , 




)3 ,2 ,1 ,,,(  lkjis klijklij  , 
where ijklc is called the stiffness and ijkls  the compliance tensor.  In the matrix 
representation, according to the Voigt notation, the stress-strain relation becomes 
qpqp c    , 
Or 
qpqp s   , 
where 6, ...2 ,1, qp .  
4.2.2 The Finite Strain Approach 
There are two major approaches: stress-strain [22] and energy-strain [23] available for 
computations of stiffness coefficients of a solid. Practical methods for determining the 
stiffness coefficients from first principles usually set either the stress or strain to a finite 
value, optimize any free parameters of the structure, and calculated the other property - 
strain or stress, respectively. Applying a given homogeneous deformation (the strain) and 
calculating the resulting stress requires less computational effort, since the unit cell is 
fixed and only the ionic positions require optimization. This is the method implemented 
in the present work. In this finite strain approach, the ground-state structure is strained 
according to symmetry-dependent strain patterns with varying amplitudes. The full elastic 
tensors are determined from the computation of the stresses generated by the small 
deformations after a re-optimization of the internal structure parameters, i.e., after a 
geometry optimization with fixed strained cell parameters.  
The elastic stiffness tensors were calculated for the structures corresponding to the 
theoretical ground states (geometry optimization). The starting point for the geometry 
optimization is the experimentally determined structures. Table 4.1 summarizes the 
details of the three unit cells in this study. During the ground states geometry 
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optimization, we did not optimize the lattice parameters because the calculated densities 
of the starting structures (in grams per cm
3
): 1.262 (-form), 1.277 -form) and 1.260 
(sc-form), as shown in Table 4.1, are already in the range of experimental measurements 
(1.290 g/cm
3
 for crystalline phase, 1.248 g/cm
3
 for completely amorphous phase) [24]. In 
addition it is known that DFT GGA approximation would overestimate the volumes of 
crystals [25, 26]. Therefore during the optimization, lattice constants of the unstrained 
unit cells were fixed to those values determined in XRD experiments.  Only the positions 
of atoms in the unit cell were fully relaxed. The high symmetries presented in PLA 
crystals cut the number of independent stiffness constants to less than ten as indicated in 
Table 4.1, which help to reduce the computation expense greatly. 
Table 4.1. The three initial PLA crystalline unit cells and the independent stiffness 
















); No. of atoms  
Ref No. of independent 
stiffness cij and 





a = 10.661, b = 6.161, 
c = 28.882; 
 =  =   = 90; 
V = 1897.0; d = 1.262; 
180 atoms (C60H80O40 
) 
[12] 9; 
c11, c22, c33, c44, c55, c66, 





a = b = 10.52, c = 8.8; 
 =  = 90,  = 120; 
V = 843.42; d = 1.277; 
81 atoms (C27H36O18) 
[13] 7; 
c11, c33, c44, c12, c13, c14, c15. 






a = b = 14.98, c = 8.8;  
 =  = 90,  = 120; 
V = 1710.2; d = 1.260; 




c11, c33, c44, c12, c13, c14. 




The strained lattice (lattice vector a ) used to determine the elastic stiffness is related to 
the unstrained lattice ( a ) by  
ε)a(Ia  , 
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where I is the identity matrix and  the strain tensor. All the strain tensors used in this 






















































































ε                      (A5). 
A set of linear equations, which represents the general Hooke’s law for a crystal, are 
constructed from the calculated stress generated by specific deformations to the crystal. 
For example, the PLLA  phase is an orthorhombic crystal, which has nine different 
symmetry elements (c11, c22, c33, c44, c55, c66, c12, c13 and c23). Three different strain 
patterns: (A1) to (A3) are needed to give stresses related to all the nine independent cpq 
(from strain pattern A1, 11 111
AA
c   , 11 122
AA
c   , 11 133
AA
c   , 11 444
AA
c   ; from pattern 
A2, 22 131
AA
c   , 22 232
AA
c   , 22 333
AA
c   , 22 666
AA




c   , 33 222
AA
c   , 33 233
AA
c   , 33 555
AA
c   ) for the orthorhombic system. 
Similarly, for trigonal systems: PLLA beta phase and PLLA/PDLA = 50/50 
stereocomplex crystal, the strain tensors (A4) and (A5) were used in both cases (for beta 
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phase, from pattern A4: 44 111
AA
c   , 44 122
AA
c   , 44 133
AA
c   , 44 144
AA




c   ; from pattern A5: 55 )( 14111
AA
cc   , 55 )( 14112
AA




c   , 55 444
AA
c   , 55 156  
AA
c   ; for sc-form, similar as those of -form, but 
015 c ). The system of over determined linear equations is solved to obtain a complete 
set of independent stiffness constants. Two positive and two negative amplitudes were 
used for each strain with maximum value of 0.3%. The elastic stiffness coefficients were 
then determined from a linear fit of the calculated stress as a function of strain. 
It is computer-time intensive to calculate stiffness of a polymer crystal with tens to 
hundreds atoms per unit cell using ab initio method. In our calculations, some 
approximations have been made. All the quantum-mechanical calculations were 
performed based on DFT implemented in CASTEP. Electron-ion interactions were 
described by ultrasoft psedopotentials [27], which require significantly less computational 
resources than norm-conserving potentials and electronic wavefunctions were represented 
using a plane-wave basis set [28] with an energy cutoff of 340 eV. Exchange-correlation 
effects were taken into account using the form of Perdew and Wang generalized gradient 
approximation [29]. The Brillouin zone sampling was carried out using a set of 
Monkhorst-Pack points with grid spacing smaller than 0.04 Å
-1
 [30]. Major advantage of 
the plane-wave based approach is: the ease of computing forces and stresses. The 
coordinate optimization is realized using the Broyden-Fletcher-Goldard-Shanno (BFGS) 
minimization algorithm by taking into account the total energy as well as the gradients to 
relax the atomic position. Calculations were considered to be converged when the 
maximum force on an atom was below 0.02 eV/Å and maximum displacement below 
0.001 Å. Energy converged to better than 1.0x10
-5
 eV/atom. 
4.3. Calculation Results and Discussions 
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4.3.1 Stiffness and Compliance Matrices of the poly(lactic acid) Single 
Crystals  
The calculated full matrices: stiffness cpq (in GPa) and compliance spq (in GPa
-1
) for the 



























































































































































































































For all the three crystalline phases, c33 elastic modulus with relate to c  lattice direction 
(the helix axis direction, the longitudinal direction) is greater than c11 (or c22) with relate 
to lattice a  (or b ) direction (the lateral, transverse direction). The pure shear elastic 
modulus c66 for sc-form is larger than c44 = c55 while opposite trends are found in  and  
forms. We are not aware of any experimental data on the elastic properties of PLA single 
crystals. Future experimental measurements will test our calculated predictions. 
4.3.2 Anisotropy of Young’s Modulus and Linear Compressibility of the 
Single Crystals 
Nye gave the general expressions of the variations of Young’s modulus and linear 
compressibility with direction for various crystal systems [31]. Here we analyzed some 
sections of typical surfaces of Young’s modulus and linear compressibility for the PLA 
crystals studied. 
4.3.2.1 Orthorhombic system: PLLA  -form 
The expressions for Young’s modulus E and linear compressibility   of the 
orthorhombic system are:  
in the ab  plane: 
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4 ssssE                  (1), 
       2232212
2
131211 sincos ssssss                       (2), 
in the ca  plane: 
   22551333
4
11
4 cossin)2(cossin/1 ssssE                    (3), 
       2332313
2
131211 cossin ssssss                          (4), 
and in the cb  plane: 
   22442333
4
22
4 cossin)2(cossin/1 ssssE                     (5), 
       2332313
2
232212 cossin ssssss                           (6), 
where angle  is from a  axis and   from c axis. Figures 4.1(a) and 4.1(b) show the 
anisotropy of Young’s modulus (E(), in GPa) and linear compressibility ( )( , in 
1/GPa), respectively, and Figure 1(c) the PLLA -form unit cell projection on the ab  
plane. The dark blue curves represent the ab initio results (this study) and the pink curves 
those of the molecular mechanics method [14]. Both studies reveal that for   PLLA the 
Young’s modulus in the b  direction is smaller than that in the a  direction. In other word, 
it is easier to compress or pull in the b  direction than in the a  direction. The ab initio 
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Figure 4.1. Comparisons of the variations of (a) Young’s modulus (GPa) and (b) linear 
compressibility (1/GPa) of PLLA  form in the abplane (perpendicular to the helix chain 
axis). (c) unit cell projection on the ab plane. The Dark blue curves are plotted using 
compliance coefficients calculated in this work and the pink curves those from ref [14]. 
a axis is horizontal. 
 
Similarly, anisotropies in ca  and cb planes are illustrated, respectively, in Figures 4.2 and 
4.3. The elastic anisotropies on these planes are significantly different between the two 
sets of curves. The maximum modulus is in the direction deviating from c  axis for the ab 
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results (the pink curves, De Oca and Ward’s). The discrepancy between ours and De Oca 
and Ward’s studies may be due to the different unit cell adopted. The two PLA 103 
helices pack in parallel in the unit cell proposed by Kobayashi et al. but in anti-parallel in 
that proposed by Sasaki and Asakura. De Oca and Ward used the former. We however 
used the latter because our DFT optimization has shown that it is energetically more 















































Figure 4.2. Comparisons of the variations of (a) modulus (GPa) and (b) linear 
compressibility (1/GPa) of PLLA  form in the ca plane (parallel to the helix chain). (c) 
unit cell projection on the ca plane. The Dark blue curves are plotted using compliance 




















































































Figure 4.3. Comparisons of the variations of (a) modulus (GPa) and (b) linear 
compressibility (1/GPa) of PLLA  form in the cb plane (parallel to the helix chain). (c) 
unit cell projection on the cb plane. The Dark blue curves are plotted using compliance 
coefficients calculated in this work and the pink curves from data in ref [14]. c axis is 
horizontal. 
 
4.3.2.2 Trigonal system: PLLA  - form (class 3), stereocomplex sc-form (class 3m) 
In the planes perpendicular to c axis (the helix 31 axis), for trigonal system (all classes) 
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Figure 4.4. Comparisons of the variations of (a) modulus (GPa) and (b) linear 
compressibility (1/GPa) of PLLA  form (pink curves) and the stereocomplex between 
PLLA and PDLA sc-form (dark blue curves) in the ab plane (perpendicular to the helix 
axis). Projections on the abplane of (c) sc-form unit cell and (d) -form unit cell. a axis 
is horizontal and b axis is 120 degree from a axis. 
 
As shown in Figure 4.4, both of -form and sc-form are transversely isotropic (in the 
ab plane). sc-form has higher Young’s modulus and less compressibility than -form 
does. 
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                     (9) 
       2331312111312110 cos, sssssss                               (10) 
where 0  is the angle between the plane and ca  plane.   is angle from c axis. For sc-
































































Figure 4.5. The variations of (a) modulus (GPa) of PLLA -form (b) modulus (GPa) of 
the stereocomplex between PLLA and PDLA sc-form (the numbers in the legends 
indicate constant angle 0 (from a  axis) values (in degrees). (c) linear compressibility 
(1/GPa) of -form (pink curve) and sc-form (dark blue curve) in a plane perpendicular to 
ab plane and containing the c axis (helix axis). c axis is horizontal. 
 
In Figure 4.5, on the longitudinal planes, both -form and sc-form show anisotropic 
mechanic behavior. The shape of modulus anisotropy curve of -form is very sensitive to 
the values of 0  while that of sc-form is not. The largest Young’s modulus is along c axis 
for sc-form but tilting an angle from c axis for -form. The ca plane is 00   and the cb  
plane 1200  . 
4.3.3 Elastic Properties for Polycrystalline Aggregates 
The stiffness tensor completely specifies the elastic properties and acoustic velocities of a 
single crystal. It is interesting to compute the elastic properties of a polycrystalline 
aggregate. Once the elastic stiffness and compliance of a single crystal are determined, 
one can estimate the elastic properties of a polycrystals by averaging over different 
orientations of the single crystal if ignoring the gain boundaries and defects.  The lower 
(c) 
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and upper bounds of the isotropic bulk modulus K, shear modulus G are given by Reuss 
[32] and Voigt [33], respectively. The effect moduli could be approximated by the 
arithmetic mean of the two bounds [34]. However, for polymers, the actual results could 
be close to one of the bounds. 
It is more complicated to estimate the bulk properties of polymer samples because of the 
existence of amorphous regions and interconnections between the crystalline and 
amorphous regions.  The bulk properties depend on many factors such as degree of 
crystallinity and orientation etc.   Normally composite models are used. Nevertheless we 
can use the values of the simplified polycrystalline aggregate models to represent the 
upper bounds on the isotropic moduli based on the calculated lower Reuss and upper 
Voigt bounds.  
4.3.3.1 Unoriented - random isotropic aggregates  





pqs are given by  
(1) For single crystal units having orthorhombic symmetry
35
  
Voigt (uniform strain): the isotropic averaged stiffness components 
'
pqc were given in 
equations (30) to (32) in ref [35]. 
Reuss (uniform stress): the isotropic averaged compliance components 
'
pqs  were given in 
equations (33) to (35) in ref [35]. 






 , , , ccccccccc   
 121166554423132211 2 , , , sssssssss   
Voigt (uniform strain): the isotropic averaged stiffness components 
'
pqc were given in 
equations (5.14) and (5.16) in ref [36]. 
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Reuss (uniform stress): the isotropic averaged compliance components 
'
pqs  were given in 
equations (5.13) and (5.15) in ref [36]. 
For an isotropic material, the stiffness matrix can be fully described by only two 









































112 c  . Then elastic properties for the isotropic case can be 





















, bulk modulus 
3
2
K  and shear modulus G . 
The calculated bulk modulus K, shear modulus G, Young’s modulus E, and Poisson’s 
ratio for the three PLA crystals are given in Table 4.2. The isotropic aggregate of -
PLLA has the highest effect Young’s and shear moduli.  It is worthy noting however that 
in real polymer systems, sc-PLLA-PDLA system may lead to fast crystallization and high 
crystallinity, which results in a higher Young’s modulus compared with pure -PLLA 
polymer system. 
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Table 4.2. The calculated bulk moduli, KV, KR, and KH = (KR+KV)/2, shear moduli GV, 
GR, and GH = (GR+GV)/2, Young’s modulus E and Posson’s ratio  , for isotropic 
polycrystalline poly(lactic acid) aggregates. Values in brackets are obtained from stiffness 
and compliance calculated using a forcefield method for PLLA  phase. [14] All the 
moduli are in GPa. 
 
Individual units Bounds K G E   
























-PLLA Voigt 18.37 5.05 13.88 0.37 
 Reuss 13.13 1.96 5.60 0.43 
 Hill 15.75 3.50 9.74 0.40 
sc-PLLA:PDLA =50:50 Voigt 12.61 3.37 9.28 0.38 
 Reuss 11.62 1.64 4.69 0.43 
 Hill 12.11 2.50 6.99 0.41 
 
4.3.3.2 Uniaxially oriented - cylindrically symmetric aggregates 
Drawn fibers shows isotropy in a plane perpendicular to the direction of drawing, the 
number of independent elastic constants is five. Choose the z direction along the polymer 
chain helix axis in single crystals and z  the fiber drawing direction. 
(1) a transversely isotropic aggregate of orthorhombic units [35, 37]  
In the general transformation eqs 18-29 of ref [35], if set 0 and average over angle 







df , one gets the Reuss average fiber compliance components as 






















' sss  ,  554444
2
1
' sss  ,  '12'11'66 2 sss  , 
and the Voigt average fiber constants, in a  similar way, are  






















' ccc  ,  554444
2
1
' ccc  ,  '12'11'66
2
1
ccc  . 
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 121166554423132211 2 , , , sssssssss   
Voigt : 






















' cccc  ,   44554444
2
1
' cccc  ,   66'12'11'66
2
1
cccc  . 
Reuss: 
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2
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' ssss  ,   66'12'11'66 2 ssss   












































G  , these relate to torsion about the symmetry 
axis z, i.e. shear in the yx or zx planes. 
Table 4.3 lists the calculated elastic properties of oriented fibers. Interestingly the sc-form 
has very strong moduli in both the fiber and the transverse directions and a very small 
shear modulus. Uniaxially oriented stererocomplex crystal aggregate can enhance the 
fiber Young’s moduli in the fiber direction as well as in the transverse direction and 
reduces the shear modulus. 




Table 4.3. The calculated elastic properties of a cylindrically symmetric aggregate of 
PLA crystals. Values in brackets are calculated from stiffness calculated using a 
forcefield method [14] for PLLA  phase. 
 






12 13 31 
























-PLLA Voigt  4.78 7.14 9.46 0.31 0.63 0.42 
 Reuss  3.50 7.14 6.08 0.50 0.63 0.31 
sc-PLLA/PDLA 
(50/50) 
Voigt  11.88 15.26 0.82 0.18 0.46 0.35 
 Reuss  11.85 15.26 0.82 0.18 0.45 0.35 
 
4.4 Summary 
We have calculated stiffness and compliance of the three possible crystal structures of 
poly(lactic acid) employing a DFT stress-strain method. Stiffness coefficient along the 
polymer helix axis direction (c33) is greater than those in the transverse directions (c11 and 
c22). Young’s modulus and linear compressibility of the single crystals are anisotropic. 
However both of -form and sc-form show transversely isotropic. In addition, sc-form 
has higher Young’s modulus and less compressibility than -form in the ab plane. The 
Voigt and Reuss bounds for the isotropic and uniaxially oriented fiber were estimated 
based on simplified polycrystalline aggregate models. For real semicrystalline PLA 
samples, the amorphous regions should be considered as well. The -PLLA isotropic 
aggregate has the highest Young’s and shear moduli. Uniaxially orienting stereocomplex 
crystals can increase the fiber Young’s modulus and reduce shear modulus. 
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CHAPTER 5  
Calculation of IR / Raman Spectra and 
Dielectric Properties of Crystalline Poly(lactic 
acid)s by DFPT Method 
 
In Chapters 3 and 4, we have presented DFT investigations of the equilibrium geometries 
of four identified PLA crystals, the relative stabilities among the polymorphs and their 
intrinsic elastic properties. In this chapter, we will further predict the vibration and 
dielectric properties from these DFT optimized PLA unit cells. Entire Infrared (IR) and 
Raman spectra of PLA polymorphs were calculated by employing density functional 
perturbation theory (DFPT) and a plane wave basis set. Significant different 
characteristics are found in the calculated spectra of poly(L-lactic acid) (PLLA) alpha-
form and PLLA/ poly(D-lactic acid) (PDLA) stereocomplex sc-form. Particularly, in the 
carbonyl stretching region, there is only one sharp peak in the sc-form while there are five 
peaks in the PLLA alpha-form. Moreover, the position of this C=O stretching narrow 
band of stereocomplex is located at lower wavenumber compared to the maximum of the 
broad overall envelope consisting of those five corresponding peaks of PLLA -form. 
These numerical results agree with previous spectroscopic observations. A low 
wavenumber (65 cm
-1
) vibration band of -PLLA observed in earlier THz time-domain 
spectroscopy study was reproduced in our crystalline PLLA spectra calculation. This 
band could not be obtained by using DFT (B3LYP/6-31G*) simulation on single PLA 
oligomer chain and had been attributed to lattice vibrations in the crystal. A better 
understanding of the effects of crystal symmetry, polymer chain packing and 
intermolecular interactions on the vibrational spectra could thus be achieved via this 
direct correlation of spectrum to molecular crystal structure approach. Intrinsic dielectric 
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properties of the PLA crystals were also calculated using DFPT method. The permittivity 
and polarizability tensors of these various PLA single crystals are anisotropic. Among the 
three diagonal components of these tensors, the longitudinal component along the PLA 
helical axis (parallel to z axis) is larger than the other two lateral components. The 
calculated averaged value of DC permittivity of the PLLA alpha-form is close to the 
published value of 2.71 measured at 1 kHz. The theoretical birefringence estimated from 
optical permittivity is also within the experimental range ~ 0.03. 
5.1 Introduction 
Vibrational (FTIR, Raman and terahertz) spectroscopies, being sensitive to the local 
molecular environment, are some of the important tools for characterization of chemical 
and physical nature of polymers. These experimental techniques have been extensively 
employed to investigate polylactide or poly(lactic acid) (PLA) configuration, 
conformation and crystal structures [1, 2], and crystallization kinetics (2D-FTIR) [3, 4].
 
Early studies mainly focused on the identification of characteristic bands. Cassanas and 
his co-workers first reported a series of vibrational studies on lactic acid [5], lactides [6], 
oligomers [7] and polymers [1, 2]. They found that the C=O stretching mode C=O of the 
COOH group was at 1725 cm
-1
 as a strong absorption band in the IR and Raman spectra 
of lactic acid in aqueous solution [5]. In the solid states of lactides, the C=O modes of 
carbonyl groups was a wide band centered at 1763 cm
-1
 in the IR spectrum and three 
splitting lines 1758, 1770 and 1779 cm
-1
 in the Raman spectrum [6]. Similar C=O band 
splittings 1750-1763-1774 cm
-1
 were also found in Raman spectra of powdered lactic acid 
oligomers and polymers [7]. The triplet was attributed to the PLA crystalline region and 
speculated as the result of polymer helical symmetry. The vibration bands were assigned 
based on molecular symmetry analysis on isolated well-defined PLA helices: a 103 helix 
for crystalline PLLA and a 31 helix for 50/50 PDLA/PLLA stereocomplex and their 
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analogous correlations to poly(L-alanine) -helix and  poly(propylene) 31 helix [1, 2]. 
Although the empirical interpretation on the spectra was straightforward, band 
assignments were done qualitatively only (i.e. the band wave numbers were assigned, but 
the absolute / relative intensities of the bands were unknown). Moreover crystal packing 
and the intermolecular interactions in the crystals were ignored because of the assumption 
of rigid perfect helix. Hsu and his collaborators conducted further spectroscopic analysis 
on PLA structure using normal-coordinate analysis method by employing a computer 
program with an adapted force field [8]. This semi-empirical method was capable of 
giving not only band positions but also relative intensities of the bands. However, the 
agreement between the calculated and the experimental spectra depends on a number of 
adjustable input empirical parameters (bond lengths, force constants), thus depends on the 
reliability and transferability of the force field implemented. While all the above single-
chain approximation vibration analysis results supported X-ray diffraction findings that 
PLA polymer chains took helical conformations in the crystalline regions, some vibration 
features remain unexplained. For example, the splitting of the carbonyl stretching (from 
1700 to 1850 cm
-1
) in crystalline PLLA and the band shifts of C-H and C=O stretching 
during the crystallization cannot be explained by the PLA helical structure alone.  
Improvements have been made by taking into account of crystal space group symmetry 
and polymer chain intra- and inter-molecular interactions (hydrogen bondings and dipole-
dipole interactions) in recent studies [9-12]. Hsu et al. included dipole-dipole interactions 
between the carbonyl C=O groups based on an ab initio calculation on a finite model 
compound: 2-methoxylpropanoate. They attributed the band splitting in the carbonyl 
stretch region to the crystal field splitting affected by the carbonyl dipole-dipole 
interactions [11]. Sarasua and his group [9] explained the C-H band shifts in terms of 
CH3···O=C and CH···O=C hydrogen-bonding. The C=O band splitting of low molecular 
weight PLA caused by intramolecular carbonyl-carbonyl mechanical couplings has been 
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qualitatively interpreted using the simply coupled oscillator model. They suggested that to 
account for the enhanced splitting caused by electronic effect (Popov et al.), ab initio 
calculations are required. They attributed the strong split of the E1 mode centered at about 
1759 cm
-1
 to the transition dipole coupling (TDC) interactions and suggested that the 
excitonic interaction might occur in a collective mode [12]. However, in all these models, 
long-range electrostatic effects in the crystal and the lattice dynamics had not been 
considered.  The classical dipole-dipole interaction model they adopted is incapable of 
simulating the interaction involving the dynamic couplings with electron transitions. 
Therefore it is necessary to employ higher level of theory: quantum mechanics and lattice 
dynamics to account for the electron transition, the long-range electrostatic effects, 
collective and lattice vibrations. 
Quantum mechanical methods (ab initio or density functional theory (DFT)) have been 
used to calculate the vibrational spectra of lactic acid [13],
 
lactides [14] and PLA 
oligomers [15] isolated molecules. In our previous studies [16, 17], DFT methods have 
been utilized to investigate the equilibrium geometries, relative stabilities of the four 
identified crystalline polymorphs of PLA and their intrinsic elastic properties.  To our 
knowledge, there is no quantum mechanical vibrational spectroscopic study on the 
crystalline lactide and polylactide. Hence, in this study, we further investigate the lattice 
dynamical and dielectric properties of these crystals by employing density functional 
perturbation theory (DFPT) (or the linear response) method [18]. From the DFPT 
calculations, not only the frequencies but also the intensities of the active IR and Raman 
modes can be obtained. The DFPT method has been proven reliable in predicting 
vibrational spectra for various molecular crystals such as amino acids [19], conjugated 
polymers [20] and the high explosive pentaerythritol tetranitrate [21], as well as many 
inorganic crystals [22]. 
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The main purpose of this study is to calculate the entire spectrum, frequencies and 
intensities of IR and Raman modes, plus silent modes of lactide and polylactide single 
crystals via DFPT method and to gain a better understanding of the effects of symmetry, 
molecular packing and intermolecular interactions on the vibrational spectra. In the 
following sections, the computation methods and crystalline models were first briefly 
described, followed by detailed results and discussions and finally the conclusions. 
Because the calculated spectra contain large quantity of normal modes, only the 
symmetries and characters of selected vibration modes were presented and analyzed.  
5.2 Theory and Computational Details 
Density functional perturbation theory (DFPT) [18] is the preferred method of quantum 
mechanical calculation of lattice dynamics [23, 24]. It provides an analytical way of 
computing the second derivative of the total energy with respect to a given perturbation. 
Depending on the nature of this perturbation, a number of properties can be calculated. 
For examples, perturbations in ionic positions and in an electric field cause the dynamical 
matrix / phonons and the dielectric response, respectively. The DFPT formalism uses 
variational technique similar to the density functional theory (DFT) itself hence is more 
robust and accurate than the Green's function scheme [25, 26]. 
In the phonon description of lattice vibrations, it is assumed that the mean equilibrium 
position of each ion is a Bravais lattice site and the amplitude of atomic displacements is 
small compared to inter-atomic distances. This leads to a harmonic approximation. The 
harmonic vibrational frequencies can be obtained from the matrix of Cartesian second 
derivatives, also known as the Hessian matrix, of a molecular or periodic system [27].
 
The 
mass-weighted Hessian is obtained by dividing Hessian elements by the square roots of 
the atomic masses. According to the harmonic approximation, the vibrational frequencies 
are the square root of the eigenvalues of the mass-weighted force constant matrix (or 
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Hessian) and the normal modes are the eigenvectors. The infrared intensities are obtained 
from atomic polar tensors (APT), which are conventionally called Born effective charges 
in solid-state calculations, of all atoms in the system. The APT is a second derivative of 
the total energy with respect to the Cartesian coordinates and dipole moments. It yields 
information on the change in dipole moment under atomic displacements. Further, it is a 
charge-like quantity derived from the dynamics of the system; as such it may prove more 
useful in assigning charges to atoms in molecules [19] than conventional Mulliken 
analysis, which is based upon a rather arbitrary partitioning of electronic charge based on 
atomic orbitals. The intensity of a given mode can be evaluated as a square of all 
transition moments of this mode and expressed in terms of the Born effective charge 
matrix and eigenvectors of the mass-weighted Hessian. 
A molecule composed of N atoms has 3N degrees of freedom. Diagonalizing the mass-
weighted Hessian yields 3N frequencies. Of these, six are translations and rotations of the 
molecule itself and the rest 3N - 6 correspond to the normal modes of vibration. In a 
crystal, there are an infinite number of atoms. The infinite Hessian matrix can be Fourier 
transformed into an infinite set of 3N  3N matrices due to the periodicity of Hessian (Hi,j 
= Hi+T, j+T), where N stands for number of atoms in the unit cell and T is the lattice 
translations vector. There are 3N-3 normal modes. 
The published experimental crystallographic data: racemic lactide [28]; poly(L-lactides)  
-, -, and -forms [29-31]; and the stereocomplex form between enantiomeric 
poly(lactides) sc-form [31]
 
 (for a summary of these polymer crystals see Lin et al. [16, 
17] and references cited thereof) were used as initial atomic positions and crystal 
symmetries. All of the atom internal coordinates were optimized to minimize the atomic 
forces to determine equilibrium geometry consistent with the system symmetry. The 
optimized structures were then used in the calculation of IR/Raman spectra and dielectric 
properties.  The calculations were performed using the CASTEP [32] program, in which 
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the wave functions and charge density were expanded in a plane-wave basis set. 
Troullier-Martin norm-conserving pseudopotentials (NCP) [33] were used to represent 
the interaction of the valence electrons with the nucleus and the core electrons, therefore 
greatly enhancing the computational efficiency of the approach. For oxygen atoms in 
these molecular crystals, a harder pseudopotential with core radii rc of 1.4 Bohr was 
implemented. Because of the smaller rc, a large number of plane waves are needed to 
represent the wavefunction well. An energy cut-off 990 eV of the plane wave basis set 
was used. The exchange and correlation effects were approximated by the generalized 
gradient approximation (GGA) of Perdew and Wang [34].  
5.3 Results and Discussion 
5.3.1 Vibrational Properties 
In this section, the calculated IR/Raman spectra of the above mentioned five crystals were 
presented. In order to gain a better understanding of the vibrational normal modes 
symmetries and characteristics, firstly a symmetry analysis on crystal unit cells and the 
constituent molecules or helices at their isolated states were carried out by employing 
group theory. 
5.3.1.1 Symmetry Analysis 
A nonlinear molecule with N atoms has 3N-6 internal modes and three translational and 
three rotational modes. Lactic acids are optically active compounds, including L- and D- 
forms. The cyclic dimmers of lactic acids, 3,6-dimethyl-1,4-dioxane-2,5-diones (C6H8O4), 
or dilactides (for simplicity, lactides) have three different diastereoisomers, namely L-
lactide(S, S), D-lactide(R, R) and meso-lactide(S, R) due to the presence of two chiral 
centers in the lactides. The free D- or L-lactide molecules possess C2 point group 
symmetry. According to the character table of point group C2, the irreducible 
representations for the forty-eight (3N - 6, N = 18 atoms) vibrational modes of the D- or 
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L-lactide are BAvib 2325  , where all the A and B modes are infrared and Raman 
active. The three translational and three rotational modes of the molecule are represented 
as BArottrans 42   .  
In the case of a helical polymer chain, there are three translations and one rotation around 
the helical axis; hence there are 3N-4 internal motions. There are 9 atoms for each PLA 
polymer chemical repeat unit (C3H4O2). Three such units with a phase angle 120° form a 
translational repeat unit of an isolated poly(L-lactide) 31 helix. The factor group of the 31 
helix C(2/3) line group is isomorphic to the point group C3. The irreducible 
representations for the seventy-seven (3N-4, where N = 39 =27) vibrations of the 
translational repeat unit of PLLA 31 helix are EAvib 2625  , where all A and E modes 
are IR and Raman active, E modes being doubly degenerate pairs. The three translational 
and one rotational modes are EArottrans   2 . Similarly, ten PLA repeat units with a 
phase angle 108° form a translational repeat unit of an isolated poly(L-lactide) 103 helical 
chain. The 103 helix belongs to a line group C(6/10) with a factor group which is 
isomorphic to the cyclic group C10. The irreducible representations of the internal and 
external modes are shown in Table 5.1. According to the character table of the group C10, 
A and E1 modes are IR and Raman active and E2 is Raman active only whereas B, E3 and 
E4 modes are inactive. [11] 
A crystal unit cell containing M molecules with total N atoms has 3N-6M internal modes, 
6M-3 external modes (relative rotational and translational motions of the M molecules), 
and three translational modes of the crystal. Racemic lactide or rac-D,L-lactide is an 
equal molar L-lactide and D-lactide physical mixture. The crystalline structure of racemic 
lactide was previously studied by X-ray diffraction, showing that this compound 
crystallizes in monoclinic system with a P21/c space group and Z = 4 molecules (two D- 
and two L-lactides) in the unit cell. These D- and L-lactides had approximately C2 
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symmetry with skew boat conformation. [28] The space group P21/c has four sites with 
symmetry Ci and one site without symmetry C1. The four molecules were located at the 
four Ci sites in the unit cell. The symmetry of the site is different from the isolated 
molecule case (C2). The representations of modes are summarized in Table 5.2. The space 
group P21/c is isomorphic to point group C2h. Mapping of the Ci site symmetry onto the 
factor group C2h gives irreducible representations of the unit cell as shown in the last 
column of Table 5.2, where the “g”, gerade (even) symmetry modes are Raman active 
and the “u”, ungerade (odd) modes are IR active. 
Table 5.1 A Summary of symmetry analysis for isolated lactide molecule and helical 









N   
(No. of 
atoms) 
internal modes: 3N-6 (molecule) ; 3N-4 
(helix)  
3 translational and rotational modes: 3 
(molecule) ; 1 (helix). 
D- or L- 
lactide 
C2 18 48; BAvib 2325   







27 77; EAvib 2625   








 4321 27262725 EEEEBAvib   
4; 12 EArottrans    
 
For a crystal unit cell containing M helices with N atoms, there are 3N-4M internal 
modes, 4M-3 external modes and three translational modes. The space group of PLLA -
form crystal is P21 (C2
2
, international number 4). The space group P21 has one site with 
symmetry C1. Two 31 helical chains were located at site with general symmetry C1 in the 
unit cell. The factor group of the space group P21 is point group C2. Mapping of the C1 
site symmetry onto the factor group gave the irreducible representations as listed in the 
third row of Table 5.2. 
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no. of internal 
modes (molecule); 
representations; 
no. of external 
modes (molecule); 
representations 
Factor group symmetry; 
no. of internal modes (unit cell); 
representations; 
no. of external modes (unit cell); 
representations; 
3 translational modes of a solid  
rac-
lactide 









ugvib AA 2424   
6;
gurottrans AA 33  
 
C2h; 
3N - 6M = 192; 
uguginternal BBAA 46465050   
6M - 3 = 21; 
gguuexternal BABA 8463   
3; uutrans BA 2  







77; Avib 77  
4; Arottrans 4   
C2; 
3N - 4M = 154; BAinternal 7777   
4M - 3 = 5; BAexternal 23   
3; BAtrans 2  
β-PLLA  81; 3 P32 




77; Avib 77  
4; Arottrans 4   
C3; 
3N - 4M = 231; 
EAinternal 7875   
4M - 3 = 9; EAexternal 25   
3; EAtrans   
-PLLA 180; 2 P212121 




266; Avib 266  
4; Arottrans 4   
D2; 
3N - 4M = 532;  
321 133133131135 BBBAinternal 
4M - 3 = 5; 3213 BBBexternal   





54; 2 R3c 






EAvib 2625   
4; 
EArottrans   2  
C3v 
3N - 4M = 154, 
EAAinternal 522525 21   
4M - 3 = 5, EAAexternal  21 2  
3, EAtrans  1  
 
Similar analysis was applied to β-PLLA, -PLLA and stereocomplex solids. The PLA 
stereocomplex, which belongs to trigonal system, may be described by a rhombohedral 
cell. There are three PLLA and three PDLA 31 helices in the conventional hexagonal cell. 
Each primitive unit cell contains one pair of PLLA and PDLA 31 helices. The crystal 
space group R3C (
6
3vC , number 161) is a nonsymmorphic space group. There are six 
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symmetry operations (I 2C3 3v) in the point group of this space group. The set of these 
point operations form a group called C3v. The factor group G/T of the space group are 
isomorphic to C3v. The results are summarized in Table 5.2. The IR spectra selection rules 
follow the factor group symmetries of the space groups of these crystals. 
 
5.3.1.2 Calculated IR / Raman Spectra 
The numerical geometry optimization of the five studied crystals: racemic lactide, PLLA 
-, -, -forms and PDLA/PLLA stereocomplex sc-form unit cells were carried out by 
using density functional theory (DFT) methods at the level of approximations: GGA - 
PW91- recpot / a plane wave basis set with a cutoff energy of 990 eV. After obtaining the 
optimized structures and the total energies of the ground states, the dielectric and 
vibrational properties were further calculated by using the density functional perturbation 
theory (DFPT) methods at the same level of approximations unless specified. The results 
are discussing as following. 
The generated IR spectra were smoothed by a Lorentzian function with a full width at 
half maximum (FWHM) of 2 cm
-1
 and interpolated onto a grid of about 100 x 100 x 100 
(graph quality: medium). The frequency of vibration modes was expressed in cm
-1
 and the 
intensity was expressed in km/mol (kilometers per mole). 
(a) Single molecules: Lactic acid, Lactate ion and Lactide 
To better study the complicated vibrational spectra of PLA crystals, we first presented the 
calculated spectra for the simple building blocks: lactic acid, lactate ion and lactide, either 
in gaseous phase (isolated molecules) or in their aqueous solution. In the present 





 were used. The solvent effect was included using the COnductor-like 
Screening MOdel (COSMO). 
36, 37 
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The optimized conformations of D-lactic acid, D-lactate ion and lactides are presented in 
Figure 1. The calculated results are summarized in Table 3. In gas phase, among D-lactic 
acid seven (I to VII) possible conformations, III is most stable, which has two (the most 
number) internal hydrogen bondings (HBs) of type O-H···O=C. In D-lactic acid water 
solution, however, the most energy favorable conformation is not III but V, which has 
only one internal HB of type O-H···O-H. Although II has two internal HBs (O-H···O-H 
and O-H···O=C, respectively), it is less stable than V. When considering the solvent 
effect, the calculated C=O stretching mode frequency is shifted to lower wavenumber 
1740 cm
-1
 compared to that of the gas phase 1755 cm
-1





A similar trend applies to the lactate ion.  It must be noted that the 
temperature effect has not been included in our calculations. Because at room temperature 
kT (T  = 25 C ) = 0.592 kcal/mol, as long as the relative energy of an isomer is below 4 
kcal/mol (e
-E/kT 
= 0.1%), such a conformation has a certain population. Actually the 










Figure 5.1. DFT optimized isomer structures of D-lactic acid (I to VII), D-lactate ion 
(VIII and IX) and lactides (X and XI). The dashed lines indicate the presence of 
intramolecular hydrogen bondings (HB). The numeric values of the HB distances are 
included in Table 5.3. 
 
I III IV VI 
II V VII 
VIII IX X XI 
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CASTEP calculation of an isolated molecule was carried out using a supercell, i.e. 
assuming that the molecule is contained within a box (see Figure 5.2(a)). Here we used a 
10 Å cubic box (the convergence against the box size has been checked, the energy 
difference is less than 2 meV/atom when increasing box size up to 15 Å). The calculated 
results are summarized in Table 5.3 (values in parentheses). A comparison of IR spectrum 
of D-lactic acid molecule (conformation III) obtained using DMol
3
 to that using CASTEP 
is presented in Figure 5.3. Overall the two calculated spectra agree well. However, a close 
examination will find some differences. For example, the C=O stretching mode frequency 
is in higher wavenumber 1778.6 cm
-1
 by using a plane wave basis set and the DFPT 
method (CASTEP) than 1755.0 cm
-1
 by using an atomic local basis set and finite 
difference method  (DMol
3
). For an isolated molecule, employing a local basis set is more 
convenient and cost-efficient. However for a molecular crystal, only by employing the 
DFPT and a plane wave basis set, the IR and Raman intensities can be obtained. Hence in 
the subsequent vibrational spectrum calculations on lactide and polylactide crystals, we 
used the latter.  
 
Figure 5.2. (a) The supercell of an isolated lactide molecule. (b) Intermolecular non-
conventional hydrogen bonds (light blue dashed lines) in the racemic lactide crystal. 
 
Table 5.3. Relative energy, IR C=O stretching mode frequency and intensity, 
intramolecular hydrogen bond (HB) distance for various isomers of lactic acid, lactate ion 
and lactide calculated using DMol
3


























HB    
d(O-H···O=C) 
(Å) 
D-lactic acid C3H6O3 
In gaseous phase 


































(314.4) 1.212 (1.180) 
1.886 
(1.837)  
VI 5.31 1802.1 280.8 1.210  2.292 
VII 5.18 1762.5 261.6 1.218  2.280 
In water (COSMO) 
I 4.84 1757.2 477.8 1.216   
II 2.27 1716.2 473.8 1.223 2.498 2.312 
III 
0.79 1703.0 543.9 1.226  
2.028, 
2.334 
IV 2.94 1730.1 506.1 1.223  2.021 
V 0.00 1740.1 513.4 1.221 1.849  
VI 2.53 1730.9 553.9 1.219  2.317 




 1725 (IR/Raman) strong C=O   
 
D-lactate ion C3H5O3 (charge q = -1) 
In gaseous phase 



























   
In water (COSMO) 
VIII 0 1605.0 589.3 1.279, 1.261  1.780 











)   
 
Lactide C6H8O4  
In gaseous phase 







 Chapter 5 Calculation of IR/Raman & Dielectric Properties of Crystalline PLA by DFPT Method 
96 
 














1861.9 563.5 1.204, 1.204   
In water (COSMO) 
X 1.16 1731.3, 1746.8 1073, 
141.4 
   








ester group C=O 
acid group C=O 
  
In solid phase 
X       
XI  See Table 5.4   1.187, 1.185   
X Expt.
d
 (solid)   1.211, 1.187   
XI Expt.
e
 (solid)   1.200, 1.197   
a. lactic acid 20% aqueous solution, sodium lactate 40% H2O or D2O solutions  (ref. [5])  
b. Gauge invariant atomic orbitals (GIAO), ref. [13]  
c. B3LYP/6-31G(d), ref. [14]  
d. ref. [38], Meso-lactide structure   
e. ref. [28], rac-lactide structure 









Figure 5.3. A comparison of IR spectra calculated using DMol
3
 (a local basis set and the 
finite differences method), and CASTEP (a plane wave basis set and the DFPT method) 
for D-lactic acid molecule (conformation III in Fig. 5.1). 
 
(b) Lactide and Polylactide Crystals 
The calculated IR spectra of PLLA -, -, -form and stereocomplex sc-form are plotted 
in Figure 5.4(a) with a FWHM = 2 cm
-1
. In the carbonyl C=O stretching region (Figure 
5.4(b)), there is only one sharp narrow peak in the stereocomplex while there are five 
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peaks in PLLA -form and three peaks in PLLA -form. Moreover, this prominent sc 
C=O peak is located at lower wavenumbers when compared to the maximum position of 
the broad envelope composed of the the five peaks of PLLA -form. This shifting trend 
of C=O stretching band maxima agrees well with the early published ambient IR / Raman 
spectra of PLA 100 and PLA complex. [2] Later cryogenic infrared spectrum of -crystal 
reported by Aou and Hsu has demonstrated the band splitting (1747, 1758, 1762, 1768 
and 1777 cm
-1
) of -PLLA in this region. [11] So the DFPT IR spectra agree well with 
the experimental spectra at very low temperature. Similar band splits were found in the 
calculated Raman spectra as shown in Figure 5(b). The sharper peak of C=O stretching 
mode in the sc-form compared to those in other forms is due to the highly symmetry 
restriction. Thirteen of the eighteen C=O stretching modes in sc-form are silent modes 
and in the remaining five active modes, four modes are twofold degenerated as analyzed 
and summarized in Table 5.4. In the C-H stretching region shown in Figure 5.4(c), the 
locations of three bands s(CH3), (C-H), and as(CH3) are very distinguishing in the 
stereocomplex while those in the -PLLA are not (where the two (C-H) and s(CH3) 
bands spread out, overlap and merge into one wider band). This may be due to the more 
distorted 103 helices in the PLLA -form. Among the four polymorphs of PLA, only in 
the sc-form, the helices symmetry (31) can be kept in the crystal at the site with symmetry 
C3. Further analysis on the normal modes we found that in the sc-form the (C-H) band 
moves to higher wavenumber even surpasses the s(CH3) band. So do those in the - and 
- forms. This reveals that the HB effect on the spectra is larger in sc-, - and - forms 
than in -form. 
Figures 5.4(d) and 5.5(c) show the spectra at low wavenumbers which are related to the 
skeletal rotations and vibrations and they are sensitive to the temperature as shown in the 
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Raman spectra Figure 5.5(c). The intensities of these bands increase as the temperature 


















Figure 5.4. A comparison of the calculated IR spectra of PLLA -, -, -form and 
PLLA/PDLA stereocomplex (sc), Plotted with FWHM = 2 cm
-1
, graph quality = medium. 
(a) full spectra and their expansions in (b) C=O stretching region; (c) C-H stretching 
region and (d) low wavenumbers / THz region. The spectra have been offset in the y-axis 
for clarity. 
 
Fuse et al. have reported observation of two vibration bands of PLLA: 50 cm
-1
 and 65 cm
-
1
 in the THz region. However their DFT simulation on single oligomer chain (up to 28 
lactide units) using Gaussian at the level of theory: B3LYP/6-31G* could not get the 65 
cm
-1
 band and they attributed this band to some lattice vibrations in the crystal and 
intermolecular interaction. In this study, we are able to simulate these modes by using 
DFPT at the level of theory GGA-PBE and a plane wave basis set which naturally 
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form, these are 43.4 cm
-1
 (B2), 44.8 cm
-1
 (B1), 59.5 cm
-1
 (B3) and 74.2 cm
-1
 (B1). In 
addition, the B1 modes (parallel to z axis, i.e. helix axis direction) are relative stronger 
than B2 and B3 modes (perpendicular to the helix axis). In the PLLA -form, they 
become 22.8 cm
-1
 (E), 44.6 cm
-1
 (E, strong), 48.0 cm
-1
 (A, weak), and 59.2 cm
-1
 (A, 
strong) where A modes are parallel to z axis, i.e. helix axis direction and E modes 





 (E), and 69.5 cm
-1
 (E).  Here A1 modes are parallel to z axis, i.e. helix axis 
direction and E modes perpendicular to the helix axis. On the contrary to modes in PLLA 
-form, the modes perpendicular to the helix axis are relative stronger than the modes 














Figure 5.5. A comparison of the calculated Raman spectra of PLLA -, -, -form and 
PLLA/PDLA stereocomplex (sc), plotted at T = 10 K, smearing 2 cm
-1
. (a) full spectra; 
(b) 1650-1850 cm
-1
 region; (c) 0-200 cm
-1
 (THz) region, a comparison of T =10K (solid 
lines) and 300K (dotted lines), (d) 800-1000 cm
-1
 region. The spectra have been offset in 
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An analysis of selected modes for the five studied crystals is given in Table 5.4. There are 
four lactide molecules and hence eight carbonyl groups in the racemic lactide crystal unit 
cell. Only half of the eight C=O stretching modes are IR active due to the factor group 
symmetry – point group C2h. According to the character table of C2h, the “g”, gerade 
(even) symmetry modes are not IR active. Compared with the isolated lactide molecule 
(modes 1813.2 and 1826.4 cm
-1
 in Table 5.3), the C=O stretching mode frequency of the 
lactide crystal are shifted to lower wavernumber. There are intermolecular interactions 
such as non-conventional hydrogen bonds (light blue dash lines) C-H···O=C and CH3···-
O- in the racemic lactide crystal as shown in Figure 5.2(b). 
There are twenty PLA repeat units and so twenty carbonyl groups in the PLLA -form.  
The factor group of this crystal is D2 point group, hence five A modes of the twenty C=O 
stretching modes are not IR active. Similarly there are nine and six modes in - and -
form, respectively. All these modes are IR active. The three E modes in the -form are 
doubly degenerate. 
The PLA stereocomplex, which belongs to trigonal system, may be described by a 
rhombohedral cell. There are three PLLA and three PDLA 31 helices in the conventional 
hexagonal cell. Each primitive unit cell contains one pair of PLLA and PDLA 31 helices. 
The crystal space group R3C (
6
3vC , number 161) is a nonsymmorphic space group. There 
are six symmetry operations (I 2C3 3v) in the point group of this space group. The set of 
these point operations form a group called C3v. The factor group G/T of the space group 
are isomorphic to C3v. In the rhombohedral primitive cell, the six C=O stretching modes 
are divided into one weak A1 mode, two strong doubly degenerate E modes and one A2 
mode which is not IR active, respectively. 
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Table 5.4. Selected mode analysis: transition frequency, symmetry/irrepresentation, IR / 
Raman intensities (calculated at PBE /plane wave basis set cutoff 750 eV). 
 















 C2h   
 59.3 Ag 0.0 3.41 
 60.0 Bg 0.0 1.17 
 60.8 Bu 0.27 0.0 
 61.9 Au 0.21 0.0 
8 C=O 
stretching 
1761.9 Ag 0.0 153.54 
 1766.4 Bg 0.0 10.51 
 1769.8 Au 16.29 0.0 
 1774.3 Bu 90.0 0.0 
 1780.1 Ag 0.0 498.28 
 1786.2 Bu 4.24 0.0 
 1788.8 Au 0.058 0.0 
 1793.1 Bg 0.0 24.26 
  8 modes 4 IR dark modes, 4 
peaks 
4 Raman dark modes, 4 
peaks 
PLLA -form  D2   
 43.4 B2 0.04 0.24 
 44.8 B1 0.36 1.70 
 57.9 A 0.0 1.30 
 59.5 B3 0.0038 0.59 
 74.2 B1 0.08 1.20 
20 C=O 
stretching  
1761.2 B2 26.42 2.48 
 1761.4 A 0.0 9.60 
 1763.4 B3 0.18 0.81 
 1763.6 B1 0.43 12.90 
 1768.3 B1 0.05 10.99 
 1769.4 B3 70.68 1.36 
 1772.8 B2 25.26 1.04 
 1774.0 A 0.0 170.22 
 1776.1 A  0.0 28.95 
 1778.2 B3 1.65 1.54 
 1778.4 B2 15.85 0.35 
 1780.2 B1 0.75 0.37 
 1783.4 A 0.0 94.23 
 1784.1 B3 6.81 2.20 
 1786.7 B2 15.91 0.81 
 1787.1 B1 0.86 9.29 
 1792.5 A 0.0 267.29 
 1792.6 B3 0.71 1.05 
 1794.7 B1 1.88 0.0019 
 1795.0 B2 2.59 0.81 
  20 modes 15 peaks, 5 IR dark 20 peaks 




Stereocomplex   C3v   
162 atom cell 34.4 A1 0.11 0.16 
 48.2 A2 0.0 0.0 
 48.7 f 0.0 0.0 
 59.8 G 0.0 0.0 
 61.5 E 0.26 2.71 
 69.0 f 0.0 0.0 
 69.5 E 0.62 0.0070 
18 C=O 
stretching 1758.8 
  e (2-fold) 
0.0 
0.0 
 1762.2 E (2-fold) 38.63 34.16 
 1763.6 E (2-fold) 37.22 0.51 
 1764.7 A1 0.41 505.07 
 1765.7 G (4-fold) 0.0 0.0 
 1772.1 G (4-fold) 0.0 0.0 
 1774.9 f (2-fold) 0.0 0.0 
 1781.2 A2 0.0 0.0 
 
 
18 modes 13 dark modes, 5 
modes, 3 peaks, 2 of 
them 2-fold 
degenerated 
13 dark modes, 5 
modes, 3 peaks, 2 of 
them 2-fold 
degenerated 
PLLA -form  C3   
81 atoms 22.8 E 0.06 0.36 
 46.4 E 0.02 1.38 
 48.0 A 0.00056 0.26 






 1772.9 E 1.53 0.58 
 1774.5 A 0.16 269.5 
 1776.2 E 1.70 7.80 
 1780.0 A 0.09 0.02 
 1784.0 A 0.14 8.67 
 
 
9 modes 6 peaks, 3 doubly 
degenerated E modes 
6 peaks, 3 doubly 
degenerated E modes 
PLLA -form  C2   
54 atoms 77.9 B 0.21 0.12 
 86.8 A 0.16 0.26 
 89.9 B 0.07 2.55 
 90.5 A 0.012 0.043 
6 C=O 
stretching 
1771.4 B 19.64 4.95 
 1774.5 A 19.53 19.85 
 1778.9 B 3.70 2.27 
 1785.1 A 2.06 9.31 
 1786.5 A 2.49 157.41 
 1790.0 B 1.52 0.81 
 6 modes   6 peaks  
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5.3.1.3 Born Effective Charges 
The calculated Born effect charges are presented in Table 5.5. The value of Born effect 
charge of H

 hydrogen atom in the stereocomplex is larger than those in other three 
PLLA forms. This further confirms the stronger non-conventional hydrogen bonding 
(HB) found in the stereocomplex as discussed in chapter 3. [16] The Born effect charges 
may reflect the dynamic characteristics of intermolecular HB interactions better than 
other static arbitrary portioning of charge methods. 
Table 5.5. Calculated Born effective charges in four PLA crystals (PW91/plane wave 
basis set with cutoff 990 eV). 
 






aveZ  atom 
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(5) 0.026 0.031 Ave H














































 0.059  0.065   H

(14) 0.050 
     H

(15) 0.070 
     H

(16) 0.031 
     H

(17) 0.010 
     H

(18) 0.038 
     H

(19) 0.045 
     H

(20) 0.061 
     Ave H

 0.015 
     Ave H

 0.047 
       
C













C(3) (=O) 1.346 1.361 C(3) (=O) 1.325 C(3) (=O) 1.362 
C

(4) 0.484 0.490   C

(4) 0.496 





(5) -0.084 -0.098   C

(5) -0.053 
C(6) (=O) 1.334 1.319   C(6) (=O) 1.374 
C






(8) -0.062 -0.095   C

(8) -0.054 
C(9) (=O) 1.350 1.339   C(9) (=O) 1.380 
Ave C






 -0.081 -0.104   C

(11) -0.070 
Ave C(=O)  1.343 1.340   C(12) (=O) 1.393 
     C

(13) 0.505 
     C

(14) -0.067 
     C(15) (=O) 1.412 
     Ave C

 0.494 
     Ave C

 -0.055 
     Ave C(=O)  1.386 
       
O(1)(ether) -1.057 -1.053 O(1) (=C) -0.919 O(1)(ether) -1.099 
O(2) (=C) -0.914 -0.928 O(2)(ether) -1.030 O(2) (=C) -0.883 
O(3)(ether) -1.030 -1.047   O(3)(ether) -1.078 
O(4) (=C) -0.915 -0.881   O(4) (=C) -0.940 
O(5)(ether) -1.032 -1.034   O(5)(ether) -1.033 
O(6) (=C) -0.931 -0.919   O(6) (=C) -0.953 
Ave O(ether) -1.040 -1.045   O(7)(ether) -1.050 
Ave O(=C) -0.920 -0.909   O(8) (=C) -0.936 
     O(9)(ether) -1.055 
     O(10) (=C) -0.894 
     Ave O(ether) -1.063 
     Ave O(=C) -0.921 
 
5.3.2 Polarizability and Permittivity 
The calculated dielectric properties are summarized in Tables 5.6 and 5.7. The 
polarizability of lactide in the racemic lactide crystal is larger than those of isolated 
lactide molecules. This polarizability enhancement may be attributed to the change in the 
molecular electronic structure arising from intermolecular interactions in the crystal. The 
hydrogen bonds (HBs) are shown in Figure 5.2(b). For each lactide molecule, there are 




···O(=C) (dH···O = 2.159 Å, CHO =157.1; dH···O = 2.328 Å, 
CHO =157.4) and four weaker HBs of C-H···O(=C) (dH···O = 2.626 Å, CHO 





···-O- (dH···O = 2.658 Å, CHO =172.6). The C=O bond length of the lactide is about 
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0.02 Å longer in the crystal (1.198 and 1.199 Å) than that of an isolated molecule Figure 
5.1(a) (1.176 Å). 
The polarizibility and permittivity tensors of the four polylactide crystals are anisotropic, 
and some of them are not diagonalized (for the - and sc- forms the tensors are 
transversely isotropic due to the crystal symmetries). Among the three diagonalized 
components of the tensors, the longitudinal component along the polymer helical axis (z 
axis) is larger than the other two lateral components in the four studied polymer crystals. 
The averaged values were calculated as one third of the trace of these tensors (or the 
arithmetic average of the three principal components).  
Because the polylactide crystal unit cells contain various number of PLA repeat units, the 
values of directionally averaged polarizabilities are quite different. These values were 
further scaled by the PLA repeat unit (C3H4O2) numbers containing in the unit cells. A 
comparison of the four crystals gives, for the static polarizabilities DC (frequency f  0): 
Stereocomplex sc-form (11.71) > PLLA β-form (11.04) > PLLA -form (10.93) > PLLA 
-form (10.67) and the order of optical (frequency f  ) polarizabilities: PLLA/PDLA 
Stereocomplex sc-form (8.46) > PLLA β-form (8.43) > PLLA -form (8.42)> PLLA -
form (8.25). The specific non-conventional hydrogen bonding network found in the 
stereocomplex 
16
 might be responsible for its large DC polarizability enhancement. 
The maximum component of the diagonalized DC permittivities DC of sc-, - and -form 
was 2.85, 2.84, and 2.75 respectively. The PLA polymer chain took the similar 31 helical 
conformation in these three crystals. The merely difference is the chain packing pattern. 
In the sc-form unit cell, the three PLLA left-handed 31 helices and three PDLA right-
handed 31 helices packed in parallel side by side alternatively. In -form the two PLLA 
left-handed 31 helices packed in anti-parallel while in -form the three PLLA left-handed 
31 helices were in parallel. These data indicate that the packing orientation of the helices 
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may have an effect on the permittivity along the chain direction. The anti-parallel packing 
of the same chiral helices or the parallel packing of different chiral helices enhance the 
permittivity in the chain direction.  
The largest component and the average of the three diagonal components of PLLA -
form DC permittivity tensor is 2.75 and 2.41 respectively. The relative permittivity of a 
PLLA film (thickness 20 to 250 m) had been measured at room temperature as a 
function of frequency in the range of 1 to 10
5
 Hz by Ohki and Hirai.
 39
 Our calculated 
average DC permittivity is close to but smaller than their experimental result 2.71 
measured at 1 kHz. The published experimental measurement was carried out at ambient 
temperature and on oriented semi-crystalline samples, hence is an average result of 
amorphous and polycrystalline. To simulated such a system, normally a composite model 
is required which is beyond the focus of this study. In addition the experimental samples 
contained 2-33 wt% additive diethyl hexyl phthalate (DEHP) which may contribute to the 
polarization. The theoretical calculation is based on PLA single crystal and calculated at 
temperature T = 0 K. 
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Table 5.6 Calculated optical polarizabilities opt and static polarizabilities DC. 
model Optical polarizability 








Static polarizability tensor DC 





























































































































































































































































































































































































Table 5.7 Calculated optical permittivities   f and DC permittivities 
 0fDC . 
Crystal Optical permittivity 
tensor  (f -> )  
Ave.  DC permittivity tensor 




























































































































































































































   (f = 1 kHz)   2.71 
a. ref [39]. 
 
From the diagonalized optical permittivities (referring to Table 5.7), the principal 
refractive indexes were calculated. Then the differences between these indexes (i.e. the 
birefringence) were deduced. These data are listed in Table 5.8 together with published 
experimental data. The absolute values of the calculated birefringence for the polymer 
crystals are in the range of 0.008 to 0.056 which encloses the experimental range of 0.030 
to 0.033 for PLLA. [40] Kabayashi at al. proposed a different unit cell (two 103 helices 
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packed in parallel) for the PLLA -form and estimated the birefringence value as -0.013 
by a summation of bond polarizibility. [41]
 
Table 5.8 Calculated intrinsic principal refractive index and the birefringence. 
 Diagonal  Principal refractive 
index 
Birefringence 
    n1 n2 n3 |n12| |n23| |n13| 
Racemic 
lactide  
2.490 2.159 2.078 1.578 1.469 1.442 0.109 0.027 0.136 
Meso-lactide 2.386 2.196 1.962 1.545 1.482 1.401 0.063 0.081 0.144 
Poly(L-
lactide) -form  








2.068 2.026 2.185 1.438 1.423 1.478 0.015 0.055 0.040 
Stereocomplex  
sc-form  
2.090 2.090 2.177 1.446 1.446 1.476 0 0.030 0.030 
Expt. PLLA
a
        0.030 to 0.033  
Sum of bond 
polarizability  
-form b 
      -0.013  
a. ref. [40]; b. ref. [41]. 
 
5.4. Summary  
In this chapter, we have reported comprehensive DFPT calculations on the racemic and 
meso lactides and four polylactide polymorphs. IR and Raman entire spectra and 
dielectric properties of these single crystals were obtained and compared. The narrow 
C=O stretching band in the stereocomplex is due to the highly symmetry of the crystal 
which makes most of the modes in this band to be IR and Raman inactive. The (C-H) 
band in the stereocomplex shifted to a higher wavenumber may be caused by the 
intermolecular hydrogen bonding interaction. The earlier experimental observation of low 
wavenumber vibration bands of -PLLA, which originate from the collective vibrations 
of helices in the crystal lattice, was reproduced in our calculations. The simulated spectra 
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in the THz frequencies region of the four PLA forms are different. Hence the THz 
spectroscopy could provide an alternative method to differentiate these polymorphs. 
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Poly(lactic acid) Stereocomplex Applications  
 
In the preceding three (3 to 5) chapters, we mainly focused on the fundamental studies on 
the PLA crystal structures, properties and their relations. We have demonstrated that PLA 
stereocomplex is the most thermodynamically stable and mechanically stronger due to the 
intermolecular non-conventional hydrogen bonding interaction. As reviewed in Chapter 
1, we knew that the pristine PLA is brittle and has a low heat distorting temperature. 
Hence in this chapter, we will present a few practical examples to illustrate how to take 
advantage of the hydrogen bonding driving force when PLA stereocomplex forms to 
enhance properties of the resultant PLA blends or nanocomposites through physical 
blending. In polymer science, the technology of polymer blends is one of the major areas 
of research and development. Polymer blends (alloys) are analogous to metal alloys. The 
advantages of polymer blends versus developing new polymeric structures: (1) reducing 
research and development expense compared to the development of new monomers and 
polymers to yield similar property profile; (2) the much lower capital expense involved 
with scale-up and commercialization; (3) the blends can often offer property profile 
combinations not easily obtained with new polymeric structures. 
 
6.1 Poly(butyl acrylate)-g-Poly(lactic acid): Stereocomplex 
Formation and Mechanical Property 
 
The first example is the solution blend of enantiomeric graft copolymers: PBA-g-PLLA 
and PBA-g-PDLA. DSC and WAXS results show that PLA stereocomplex was formed in 
the 50/50 PBA-g-PLLA/PBA-g-PDLA solution blend casting films. DMA result 
demonstrates the 50/50 PBA-g-PLLA/PBA-g-PDLA blended film has a higher service 
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temperature than the individual PBA-g-PLLA or PBA-g-PDLA film. Interestingly, the 
PBA-g-PLA copolymers can be used to toughen brittle PLLA by incorporating them as 
an elastomeric minor phase. The much tougher PLLA was obtained when the commercial 
PLLA was melt blended with 10wt% elastomeric graft copolymer containing pendant 
PDLA chain. It is believed that the formation of stereocomplex between PLLA matrix 
and PDLA side chain in the elastomeric phase differentiates it from the blend of PLLA 
and PBA-g-PLLA, whose side chain has the same configuration as the matrix PLLA. 
DSC, XRD and TEM results support this proposal.  
6.1.1 Introduction 
Polylactide (PLA) has received wide attention in the medical and pharmaceutical fields 
due to its biodegradability and biocompatibility properties [1, 2]. Moreover, its bio-
renewability as well as its high modulus and strength have made PLA a promising 
alternative to petroleum-based plastics. It has been used to produce fibers, film, vehicle 
interiors, appliance components, food wares, food/beverage packaging, etc [3]. Fibers 
produced from polylactide exhibit low odor retention and excellent moisture wicking 
properties [4, 5]. However, the inherent brittleness of PLA and its low heat deflection 
temperature (HDT) have greatly restricted its large scale commercial applications [6]. 
Many strategies have been developed to toughen PLA. Analogous to other brittle 
polymer, PLA can be toughened by plasticization [7], blending with tough polymers [8], 
block copolymerization [9] and rubber toughening [10-12], etc. On the other hand, the 
thermal and mechanical properties of PLA are influenced significantly by its tacticity [8]. 
Due to the chirality of lactide, PLA can exist in three stereochemical forms: poly(L-
lactide) (PLLA), poly(D-lactide) (PDLA), and poly(DL-lactide) (PDLLA) [1]. Compared 
to the homopolymer, the formation of stereocomplex by 50 to 50 blending of the 
corresponding PLLA and PDLA not only results in much higher melting point (by 50 ˚C), 
it also shows increased modulus, tensile and elongation at break within a certain 
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molecular weight range [13]. By combining block copolymerization and 
stereocomplexation strategies, a few ABA triblock copolymers composed of soft B blocks 
that provide elasticity and flexibility and rigid A blocks (PLA) that provide the necessary 
physical interactions have been synthesized recently [14-16]. The increases in Young’s 
modulus and elongation at break of blends were observed in some samples compared 
with the corresponding homocopolymers.  These materials are mainly used for 
thermoplastic elastomers (TPE). Similarly, stereocomplex formation between 
enantiomeric PLA graft copolymers has been used to prepare biodegradable hydrogels 
[17] and tissue engineering scaffolds [18-19].  
To our knowledge, toughening of PLA by blending a certain percentage of elastomeric 
graft copolymers containing pendant chiral PLA chains has not been reported. The 
incorporating of chiral PLA such as PLLA or PDLA into elastomer phase has twofold: 1) 
it could form stereocomplex with its matrix so that increase the interfacial interaction 
between elastomer phases and matrix, and 2) the formation of stereocomplex crystals 
could lead to better thermal stability of crystalline phase. As the synthesized graft 
copolymers contain PLA branches, it plays a role of compatibilizer at the same time. In 
this section, we reported characterizations of physical blends of poly(nBA)-g-PLLA and 
poly(nBA)-g-PDLA and their blends with commercial PLA pellets to explore the 
stereocomplex effect on the mechanical properties of PLLA. 
6.1.2 Experimental Details 
(1) Materials 
PLA polymer pellets 3051D and 4032D were purchased from NatureWorks LLC. The 
pellets were dried at 50C in a vacuum oven overnight before use. Dichloromethane 
(DCM) and tetrahydrofuran (THF) were of analytical grade. 
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The PLA macromers and PBA-g-PLLA and PBA-g-PDLA graft copolymers were 
synthesized by co-workers in ICES. The synthetic schemes of acrylate terminated PLA 
macromers and their coplymerization with nBA to produce PnBA-g-PLA copolymers is 
shown in Figure 6.1.1. Macromers of 2-hydroxyethyl acrylate or methacrylate-terminated 
PLLA or PDLA having various chain lengths were prepared via ring opening 
polymerization of L-lactide or D-lactide using 2-hydroxyethyl acrylate or 2-hydroxyethyl 
methacrylate as initiator in the presence of stannous octoate following a literature method 
[17]. PBA-g-PLA copolymers were prepared by free radical polymerization method. 
 
Figure 6.1.1. Synthetic schemes of PLA macromers and graft copolymer PBA-g-PLA. 
(2) Physical blending processes and sample preparation 
Solution blend and casting films 
PBA-g-PLLA and PBA-g-PDLA were dissolved separately in methylene chloride having 
a polymer concentration of 0.1g/ml. In the case of blended film preparation, the two 
solutions were mixed at the ratio 1:1 (by polymer weight) under vigorous stirring. The 
polymer solutions were cast onto glass Petri dishes, followed by slow solvent evaporation 
at room temperature. The resulting films were further dried in a vacuum oven at 40C. 
PLLA (Natureworks 4032D) films was also prepared in the same procedure for 
comparison. 
Melt Blend 
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Melt blending of PLLA (Natureworks 3051D) and 10 wt % of PBA-g-PLLA or PBA-g-
PDLA was carried out at 180 C, 50 rpm for 15 min by using a Barbender mixer. 
Hot Compression Molding 
Mechanical testing samples were prepared by compression molding the dried melt blends 





Dumb bell - shaped tensile specimens were punched with a hollow die (die type: ASTM 
D638 type V) from the hot compression-molded plates. 
(3) Physical Characterizations 
Differential Scanning Calorimeter (DSC)  
Thermal analysis of the examined samples (solution cast films or melt blend and hot 
compression molded plates) was conducted using a TA Instruments DSC (TA 2920 or 
Q100). A sample of (5-10 mg) in an aluminum pan was heated from 20 to 250 C at a 
heating rate of 10/min under nitrogen flow (the first heating scan) and kept at this 
temperature for 5 min, then cooled to 20 C, and heated again (the second heating scan). 
Dynamic mechanical analysis (DMA) 
The dynamics mechanical behavior of the films was investigated using a TA instruments 
2980 dynamic mechanical analyzer in a multifrequency tensile mode. The solution cast 
films were cut into rectangular strips of dimensions 10~20 mm (length) x 5~6 mm 
(width) x 0.25~0.35 mm (thickness). The film specimens were mounted on film tension 
clamps. For the dynamic mechanical measurements, a frequency of 1 Hz, amplitude of 20 
μm, preload force 0.01 N and force track of 125 % are used. The temperature is increased 
at 3 °C/min from -100 up to 230 °C (depending on the melting temperature obtained in 
the DSC measurements). The sub-ambient temperature was achieved by using a gas 
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cooling accessory (GCA), which utilizes liquid nitrogen stored in a holding tank to 
provide cooling. 
Tensile test 
Tensile properties were determined using an Instron 5566, at a tensile speed of 1.0 
mm/min at room temperature. 
Wide-angle X-ray Scattering (WAXS) 
2D WAXS patterns of the samples were recorded in the reflection mode with a Bruker D8 
DISCOVER with a general area detector diffraction system (GADDS) using Cu K 
radiation ( = 0.154 nm) generated at 40 kV and 40 mA. Each sample was scanned for 10 
minutes.  
The Transmission Electron Microscope (TEM) study 
The Transmission Electron Microscope (TEM) samples were obtained by cryo-sectioning 
(Leica) of frozen samples with diamond knife which were subsequently mounted on a 
carbon coated copper grid. These thin sections were then observed under TEM (JEOL 
2100) with an accelerating voltage of 200 keV. 
6.1.3 Results and Discussion 
Preparation and Characterization of Copolymer Blends 
The molecular weight of PLA can be easily tailored by adjusting the molar ratio of 
monomer to initiator. Table 6.1.1 summarizes the molecular weights of the macromers as 
determined by GPC (L stands for PLLA macromer and D for PDLA macromer). The 
polydispersity (PDI) of all PLA macromers are very narrow. 
Table 6.1.1. Acrylate-capped PLA macromers 
Entry [LA0]/[I0]
a




L3 68.6 14.3 15.3 1.07 
L4 139 28.5 32.0 1.10 
D3 68.6 13.4 14.3 1.07 
D4 139 28.4 31.9 1.10 
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a: molar ratio of monomer to initiator. The polymerization was carried out at 70 °C in toluene. 2-
hydroxyethyl acrylate as initiator.  
 
Poly(n-butylacrylate)-g-polylactide (PnBA-g-PLA) graft copolymers of various 
compositions containing either PLLA or  PDLA branches were prepared via free radical 
polymerization. The results are summarized in Table 6.1.2. The graft copolymers listed in 
Table 6.1.2 are labeled according to the corresponding macromers. For example, L1GP 
means that the copolymer is made from nBA and the macromer L1. Although the PDI for 
all macromers is quite narrow (less than 1.3), all graft copolymers have relatively wide 
PDI, due to the poor control in molecular weight with random radical polymerization. 










Mn of PLA 
macromer used 
(kg/mol) 
L3GP 3:1 61.1 167.2 2.7 14.3 
L4GP1 3:1 100.3 287.2 2.9 28.5 
L4GP2 3:2 98.6 277.1 2.8 28.5 
D3GP 3:1 72.7 241.0 3.3 13.4 
D4GP1 3:1 92.4 304.0 3.3 28.4 
D4GP2 3:2 93.5 271.9 2.9 28.4 
 
Thermoplastic elastomers are block or graft copolymers containing incompatible hard and 
soft segments. The incompatible hard and soft segment phases separate into a continuous 
rubbery phase and a dispersed hard phase which acts as physical crosslinks. Unlike 
chemically crosslinked/vulcanized rubbers, thermoplastic elastomers can be reprocessed 
and thus recyclable. We report here elastomeric graft copolymers containing dispersed 
PLA stereocomplex domains in a soft polyacrylate matrix with service temperature higher 
than that of corresponding elastomers containing dispersed PLLA or PDLA only. 
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To demonstrate whether stereocomplex would be formed between enantiomeric PLA side 
chains in the graft copolymers, solutions of PBA-g-PLLA and PBA-g-PDLA of similar 
molecular weight were mixed in 50/50 (wt%) and cast into films.  Films of the individual 
graft copolymer were also cast for comparison. DSC was used to assess the thermal 
properties of the films and WAXS was used to confirm the formation of stereocomplex. 

















1 L3GP 156 47.3 61.2 14.3 3/1 
2 D3GP 154 41.8 72.7 13.4 3/1 
3 50/50 L3GP/D3GP  230 75.1    
4 L4GP1 166 38.3 100.3 28.5 3/1 
5 D4GP1 166 33.3 92.4 28.4 3/1 
6 50/50 L4GP1/D4GP1 246 43.6    
7 L4GP2 167 60.5 98.6 28.5 3/2 
8 D4GP2 167 54.1 93.5 28.4 3/2 
9 50/50 L4GP2/D4GP2  247 82.5    
* ΔH values are normalized by PLA fraction (J/g of PLA) 
Table 6.1.3 summarizes the results of DSC (differential scanning calorimetry) analysis of 
the blended and non-blended graft copolymer films. The results show that individual 
PBA-g-PLLA and PBA-g-PDLA films (entry1, 2, 4, 5, 7 and 8) have a melting point 
between 150 and 170 C, the higher the Mn of side chain, the higher the melting point 
(entry 4 and 5, 7 and 8 in contrast to entry 1 and 2). However, for 50/50 PBA-g-
PLLA/PBA-g-PDLA blended films (entry 3, 6 and 9), the melting points are enhanced by 
about 80 C, compared to the corresponding non-blended graft polymer films. The 
blended film with longer side chain has higher melting point than that with shorter side 
chain (compare entry 3 and 6).  Similarly, the blended copolymer films have higher heat 
of fusion H.  It is more apparent for sample containing higher percentage of PLA. H 
for sample 9, in which the weight ratio of PBA to PLA is about 3 to 2, is 82.5 J/g, which 
suggests a higher crystalline fraction.  Both higher melting point and higher heat of fusion 
 Chapter 6 Poly(lactic acid) Stereocomplex Applications 
121 
 
support the formation of stereocomplex between PBA-g-PLLA and PBA-g-PDLA side 
chains. This is further confirmed by WAXS results (Figure 6.1.2). 
 
Figure 6.1.2. X-ray diffraction patterns of non-blended films: PBA-g-PLLA (L4GP1) -
film (blue curve), PBA-g-PDLA (D4GP1) - film (red) and PLLA (4032D) (light blue) 
film, and the blended film: 50/50 PBA-g-PLLA/PBA-g-PDLA (L4GP1/D4GP1) - film 
(green). The simulated PLLA -form (pink) and PLLA:PDLA = 1:1 stereocomplex (sc)-
form (light green). 
 
The Wide-angle X-ray Scattering (WAXS) patterns of the solution cast films are 
characteristics of partially crystalline polymers: a superposition of crystalline peaks and a 
broad amorphous halo. Figure 6.1.2 shows WAXS patterns of non-blended and blended 
films which provide further evidence that the stereocomplex indeed forms crosslinks 
between PBA chains. The 50 to 50 blend of L4GP1 and D4GP1 shows typical 
stereocomplex diffraction 2θ peaks at 11.86˚, 20.66˚ and 23.92˚, which agree well with 
the simulated curve as well as the reported values [20, 21], while the XRD pattern of non-
blended films is consistent with α-form homo-PLLA, which has a major 2θ peak at 
around 16.6˚. Dynamic mechanical analysis (DMA) data of the L4GP2, D4GP2 and 
50/50 L4GP2/D4GP2 films are shown in Figure 6.1.3. Both the PBA-g-PLLA and PBA-
g-PDLA films lose mechanical properties at a lower temperature than the 50/50 blended 
film. The DSC and XRD data clearly show that a blend of two graft copolymers of 
acrylates containing pendant PLA with opposite configurations, i.e. one PLLA and the 
L4GP1 film 
D4GP1 film 
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other PDLA, would result in the formation of PLA stereocomplex. DMA data further 




Figure 6.1.3. DMA scans: (a) storage modulus (b) tan of the three films: PBA-g-PLLA 
(blue), PBA-g-PDLA (green) and the 50/50 PBA-g-PLLA/PBA-g-PDLA blend (red). 
 
Toughening PLA with PBA-g-PLA graft copolymers 
We chose two pairs of the synthesized graft copolymers to test their efficiency as PLLA 
toughness modifiers. Commercial PLLA (NatureWorks 3051D) was melt blended with 10 









Tg of PBA phase 
Tg of PLA phase 
Melting of 
PLLA or PDLA 
 Melting of sc 
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is noted that the amount of P(nBA) rubber in all blends is about 7wt%. Commercial 
PLLA is so brittle that it only has 3-5.5% elongation. When PLLA is blended with the 
graft copolymers containing side PLA chains having the same PLA configuration (entry 2 
and 4), modulus does not change compared to the neat PLLA control; while tensile 
strength decreases obviously, but elongation at break increases slightly. However, when 
PLLA is blended with the graft copolymers containing side PLA chains having the 
opposite PLA configuration (entry 3 and 5), the dramatic improvements of elongation at 
break are obtained, which increase about 6 to 7 times, compared to PLLA control, 
although both modulus and tensile strength decrease to about half. Based on the 
composition of graft copolymers and its weight percentage in the blend, the actual content 
of PDLA in the blend is less than 3wt%. It is also noticed that the graft copolymer 
containing longer PDLA chain leads to higher elongation at break (compare entry 3 and 
5). Much tougher PLLA is achieved by addition of 10wt% of the as-prepared graft 
copolymers demonstrates that they are efficient toughness modifier. We propose that the 
different interfacial interaction between PLLA/PBA-g-PLLA and PLLA/PBA-g-PDLA 
leads to their different effect as PLLA toughener. In PLLA/PBA-g-PDLA blend, the 
stereocomplex between matrix PLLA and side chain PDLA in the rubber phase is formed, 
which provides extra interfacial adhesion and makes PLLA tougher.  This assumption 
was confirmed by the following DSC, XRD and TEM results. 















1 PLLA (control) 0 0 3.2± 0.2 49.4±4.6 4.2±1.3 
2 90/10 PLLA/L3GP 7.1 0 3.2 ±0.5 37.2±2.5 6.2±2.9 
3 90/10 PLLA/D3GP 7.2 2.8 2.5± 0.2 25.2±0.9 23.3±12.1 
4 90/10 PLLA/L4GP1 7.0 0 3.2 ±0.2 30.5±0.8 7.0±3.1 
5 90/10 PLLA/D4GP1 7.1 2.9 2.7 ±0.1 25.9±1.1 29.7±13.2 




Toughening mechanism  
Table 6.1.5. Thermal Characteristics of PLLA and 90/10 PLA/PBA-g-PLA melt blends 
(Tg: Glass Transition Temperature; Tc, Crystallization Temperature; Tm, Melting 
Temperature; ΔHc: Heat of Crystallization; ΔHf: Heat of Fusion. Data are not normalized 


















63 115 152 -26.9 30.2 3.3 
2 90/10 PLLA/L3GP 63 104 153 -24.6 27.9 3.2 







4 90/10 PLLA/L4GP1 62 106 153 -26.5 29.3 2.9 








Thermal properties of the hot compression molded samples for toughening tests were 
determined by DSC. Figure 6.1.4 shows DSC thermograms obtained from the first 
heating scan at a rate of 10 ˚C/min from room temperature to 250 ˚C and their thermal 
characteristics are summarized in Table 6.1.5. The table shows that all samples display a 
Tg between 62 and 64 ˚C and a melting peak about 152-153 ˚C, which corresponds to Tg 
and Tm of PLLA homopolymer, respectively. In addition, all samples exhibit a big 
endothermic crystallization peak. For the blends, this peak appears at about 105 ˚C; while 
for PLLA control, the peak appears at 115 ˚C.  Due to the slow crystallization of PLA, all 
the five samples obtained by hot compression method are at low crystallinity.  Indeed, the 
sums of ΔHc and ΔHf of all samples are very small, which also rules out the effect of 
crystallinity on tensile property. Besides, for entry 3 and 5, there is an extra broad and 
small shallow melting peak at about 205 ˚C, suggesting the formation of stereocomplex 
between matrix PLLA and pendant PDLA chains and it is at low amount. Most 
percentage of the stereocomplex should be formed during compounding or hot 
compression process, which can be confirmed by WAXS (Figure 6.1.5). WAXS patterns 
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of the blend of PLLA and D4GP1 are consistent with our previous solution blending 
samples.  What is worth noticing is that for samples containing PDLA components, ΔHc 
values are significantly lower than the corresponding blends containing PLLA graft 
copolymers or PLLA control.  It indicates that the existence of small amount of 
stereocomplex crystallites results in low cystallizability of PLLA matrix. Nevertheless, in 
the literature, many studies found that the presence of stereocomplex could increase the 
number of homo-PLLA spherulites and speed up its crystallization rate [22, 23]. The 
difference reveals that the system involving rubber phase is different from PLA phase 
only system. A possible reason is that the stereocomplex crystallites formed between 
PLLA matrix and the elastomeric graft copolymers containing PDLA chains traps the soft 
PBA segments within the amorphous regions of the crystalline lamellae. The decrease in 
chain mobility because of the stereocomplex crystals formed will then trap the rest of 
polymers into the amorphous phase [24]. Although all samples for tensile tests are nearly 
amorphous, blends of PLLA/PBA-g-PLLA and PLLA/PBA-g-PDLA may have different 
microstructure.  
 
Figure 6.1.4. DSC thermograms (1
st
 heating scan with a rate of 10C/min in N2 gas flow) 
for neat PLA (3051D) and melt blends with 10wt% PBA-g-PLA graft copolymers. The 
curves have been offset in the y axis for clarity. 
(a) 





Figure 6.1.5. WAXS for the melt blended and compression molded samples: PLLA and 
90/10 (wt%) PLLA/PBA-g-PLL(D)A. The curves have been offset in the y axis for 
clarity. 
 
Morphology: To verify the difference of microstructure, TEM images of blend of 
PLLA/PBA-g-PLLA and PLLA/PBA-g-PDLA (before and after tensile tests) were 
obtained. The specimen was cut in direction perpendicular to the direction of tensile 
force. Figure 6.1.6 are TEM images of PLLA control (a), PLLA + 10wt% L4GP1 (b), 
PLLA + 10wt% D4GP1 (before tensile testing) (c) and PLLA + 10wt% D4GP1 (after 
tensile testing) (d), respectively. Dispersed sea-island morphology in Figure 6.1.6b 
suggests very low interfacial adhesion between the PBA-g-PLLA (L4GP) and the matrix 
PLLA. Figure 6.1.6c shows co-continuous phase and the rubber particles have much 
higher aspect ratio, indicating a better interfacial adhesion between the PBA-g-PDLA 
(D4GP) and the matrix PLLA. After tensile test crazes were developed in the sample 
PLA+10wt% PBA-g-PDLA (D4GP) (middle part of the dog bone tensile bars turned 
white). Some voids were created after tensile test as shown in Figure 6.1.6d.  





Figure 6.1.6. TEM micrographs of PLA and PLA/PBA-g-PLA melt blends. (a) PLLA 
(NatureWorks 3051D); (b) PLLA (3051D) + 10wt% PBA-g-PLLA (L4GP1); (c) PLLA 
(3051D) + 10wt% PBA-g-PDLA (D4GP1) before tensile testing; (d) PLLA (3051D) + 
10wt%  PBA-g-PDLA (D4GP1) after tensile test. 
 
6.1.4 Summary 
DSC and XRD results confirmed the formation of stereocomplex when 50/50 (by weight) 
PBA-g-PLLA and PBA-g-PDLA were blended by solution casting method. The 
stereocomplex acts as physical cross-links for the new TPE with a higher service 
temperature. The PBA-g-PLA was used to toughen brittle PLLA. Tensile tests show that 
great increase of elongation at break was obtained when commercial PLLA was blended 
with 10wt% of graft copolymer with PBA-g-PDLA; when PLLA was blended with 10 
wt% of  PBA-g-PLLA, the elongation at break only increase slightly. It is believed that 
the formation of stereocomplex between PLLA and PDLA, which increases interfacial 
adhesion at the interface, plays a significant role in the toughening of PLLA. The 
hypothesis was confirmed by DSC and XRD techniques. The results also show that the 
branch length of the graft copolymer (Mn of PLA) has some influence on the resultant 
(a) (b) 
(c) (d) 
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toughening. TEM images show the different microstructures between PLLA blended with 
PBA-g-PDLA and PLLA with PBA-g-PLLA. Our study demonstrates that PBA-g-PDLA 
graft copolymer is a promising PLLA toughener. 
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6.2 Stable Dispersions of Hybrid Nanoparticles Induced by 
Stereocomplexation between Enantiomeric Poly(lactide) 
Star Polymers 
 
In the previous section, we have demonstrated that PLA stereocomplex can form between 
the pendants PLLA and PDLA in the linear graft copolymers PBA-g-PLLA and PBA-g-
PDLA. Stereocomplexation was also found in the interface between dispersed rubber 
particles (PBA-g-PDLA) and the PLLA matrix.  In this section, we report our second 
example: the formation of stable dispersion of hybrid nanoparticles in solution formed via 
stereocomplexation of enantiomeric PLA three-dimensional hybrid star polymers. The 
hybrid star-like polymers have polyhedral oligomeric silsesquioxane (POSS) nanocages 
as the core and either PLLA or PDLA as the arms (up to eight arms). In the solid state, 
DSC and WAXS measurements confirmed the formation of the stereocomplex in the 
mixture of POSS-star-PLLA and POSS-star-PDLA (50:50, wt %). In a solution of the 
same mixture in tetrahydrofuran (THF), sterocomplexation leads to formation of hybrid 
nanaoparticles. It was observed that at low concentration the stereocomplexed 
nanaoparticles remain stable over 45 days and are not sensitive to dilution, suggesting the 
formation of stable hybrid nanoparticle dispersion in solution. In contrast, the aggregates 
of the individual POSS-star-PLLA or POSS-star-PDLA in THF, formed via weak 
solvophobic interactions, tended to disintegrate into smaller aggregates on dilution. 
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Exploiting the PLLA-PDLA stereocomplexation with an appropriate molecular design 
can be a versatile route to develop stable organic/inorganic hybrid nanoparticle 
dispersions. 
6.2.1 Introduction 
Stereocomplexation between poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) chains 
in amphiphilic copolymers has been frequently exploited to generate nanoparticles with 
enhanced thermal and mechanical stability [1-4].  For instance, enantiomeric mixtures of 
PLA-graft-dextran [1], PLA-graft-poly-(N-isopropylacrylamide-co-methacrylic acid) 
(PLA-g-P(NIPAM-co-MAA)) [2], and PEG-b-PLA block copolymers having various 
conformations, such as star (8-arms) [3], H-shaped [5], and comb-shaped [6], have been 
reported to yield nanoparticles in aqueous solution via stereocomplexation. The group of 
Bouteiller has, in particular, successfully obtained stable dispersions of PLA-block-
poly(caprolactone) (PLA-b-PCL) nanoparticles in tetrahydrofuran (THF), induced solely 
by stereocomplexation by tuning the length of the PLA sequence in the block copolymers 
[7-9]. Furthermore, Fujiwara et al. [4] have observed the formation of thermally 
responsive hydrogels via stereocomplexation in mixed micelles of linear triblock 
copolymers of poly(lactide)-block-poly(ethylene glycol)-block-poly(lactide) (PLLA-b-
PEG-b-PLLA/PDLA-b-PEG-b-PDLA). Recently, researchers have taken advantage of the 
stereocomplexation in PLA to design stable polymeric micelles in aqueous solution which 
have potential for the transportation and delivery of biologically active agents [2, 6, 10-
12]. For example, Leroux et al. [11] have shown that stereocomplexed block copolymer 
micelles obtained from a mixture of PEG-b-PLLA and PEG-b-PDLA exhibited enhanced 
kinetic stability and re-dispersion properties superior to those of micelles prepared with 
block copolymers containing the L- or D-form of PLA alone. Hedrick and co-workers 
successfully formed stable temperature-responsive mixed micelles from a mixture of 
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dissimilar PNIPAM-b-PLLA and PEG-b-PDLA block copolymers having discrete, 
attractive interaction sites, so-called “patches”, on the micelle surface [12]. 
While the above literature survey revealed the formation of stable self-assembled 
nanoparticles in solution via stereocomplexation of enantiomeric PLA-containing 
copolymers of various architectures, little attention has been paid to the 
stereocomplexation of PLA homopolymers in solution to achieve the same. We were 
aiming to evaluate the possibility of achieving stable self-assembly via 
stereocomplexation in solution of PLA homopolymers of star-like architecture. The star 
polymers are an interesting class of branched polymers. They are easily processable due 
to low solution viscosity. They have been shown to enhance tensile strength when 
compared with their linear counterparts [13-15]. In the bulk/melt state, the star-shaped 
and/or highly branched enantiomeric polylactides have been found to form a reversible 
stereocomplex due to the formation of hardlock-type interactions [14]. 
In this section, we report the formation and characterization of stable dispersions of 
hybrid nanoparticles in solution formed via stereocomplexation of enantiomeric 
poly(lactide) hybrid star polymers. The hybrid star-like polymers, having inorganic 
polyhedral oligomeric silsesquioxane (POSS) nano-cage as the core and either PLLA or 
PDLA as the arms, are achieved via ring-opening polymerization (ROP) of lactide using 
octafunctional POSS as a macro-initiator. POSS has a well-defined cage-like 
nanostructure made of silicon and oxygen atoms linked together in a cubic form, usually 
functionalized with organic functional groups at each corner to facilitate miscibility 
and/or covalent incorporation into organic polymers [16-20]. POSS nano-particles have 
been extensively used to modify various thermal and mechanical properties of organic 
polymers at the molecular level [21-25], and more importantly, they are biocompatible as 
well. Therefore, including the POSS nano-cage as the core to grow PLA arms would 
impart new functionality to the hybrid nanoparticles achieved via stereocomplexation of 
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enantiomeric PLA hybrid stars in solution. Detailed investigations on nanoparticle 
formation and influence of aging and concentration have been carried out by employing 
dynamic and static light scattering (DLS, SLS), and transmission electron microscopy 
(TEM). The formation of the stereocomplex in the mixture of POSS-star-PLLA and 
POSS-star-PDLA (50/50, wt %) was confirmed by DSC and WAXS measurements. 
6.2.2 Experimental Section 
Materials:  
Star-like POSS-star-PLLA and POSS-star-PDLA were synthesized by IMRE colleague 
via the ring-opening polymerization of L-lactide and D-lactide, respectively, with 
octakis[(3-hydroxy-3-methylbutyl)dimethylsiloxy]-POSS initiator and Sn(Oct)2 catalyst. 
A synthesis scheme is presented in Figure 6.2.1. For the details of material synthesis 
procedures and structure characterizations, please refer to our recent publication [26]. Star 
polymers with two different monomer-to-initiator ratios, i.e., 500 and 2000 were 
prepared, while the monomer-to-catalyst ratio was kept constant at 5000:1. The star 
polymers are denoted as POSS-star-PLLA-1, POSS-star-PLLA-2, POSS-star-PDLA-1, 
and POSS-star-PDLA-2, where 1 and 2 represent the monomer-to-catalyst ratios of 500 
and 2000, respectively, as listed in Table 6.2.1. Molecular models of POSS-H and POSS-
star-PLA are illustrated in Figure 6.2.2. POSS is a rigid cubic Si-O cage with a diagonal 
Si-Si distance of about 5.5 Å. 




Figure 6.2.1. Synthesis schemes of POSS-star-PLLA and POSS-star-PDLA star polymers 




















Wide-angle X-ray scattering (WAXS) measurements were done at room temperature 
using a Bruker D8 general area detector diffraction system equipped with a Cu K source 
(λ = 0.1542 nm) operating at 40 kV and 40 mA. Differential scanning calorimetry (DSC) 
measurements were performed with TA Instrument Q100 using nitrogen as the purge gas. 
Samples were heated with a ramp of 10 C/min from 25 to 250 C. Samples for WAXS 
and DSC were prepared by solution casting of individual star polymers or mixtures of 
50/50 (wt %) POSS-star-PLLA and POSS-star-PDLA at room temperature and were 
further dried under vacuum at 40 C for 24 hours. 
DLS measurements were made at 25 C with a Brookhaven BI-200SM multiangle 
goniometer equipped with a Brookhaven BI-APD avalanche photodiode detector. The 
light source was a 35 mW He-Ne laser emitting vertically polarized light of 632.8 nm 
wavelength. The intensity autocorrelation function, g
(2)(τ), which is related to the electric 
field autocorrelation function, g
(1)(τ), by means of the Siegert relation, [27] was measured, 
and subsequently, the non-negative least-squares (NNLS) algorithm, developed by 
Lawson and Hansen [28], was applied to obtain the best fit values. From the expression Γ 
= Dappq
2
, the apparent translational diffusion coefficients, Dapp, were determined. Γ is the 
decay rate, which is the inverse of the relaxation time, τ, and q is the scattering vector 
defined as q = [4πn sin(θ/2)]/λ (where n is the refractive index of the solution, θ is the 
scattering angle, and λ is the wavelength of the incident laser light in vacuum) [27, 29]. 
The apparent hydrodynamic radius, Rh, can be determined by the Stokes-Einstein 
relationship [27, 29]: Rh = kBT/6πηDapp, where kB, η, and T are the Boltzmann constant, 
viscosity of the solvent, and absolute temperature, respectively. The scattering intensity of 
each concentration of star polymer in THF was measured and plotted against the polymer 
concentration. The concentration at which the scattering intensity increases sharply is 
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defined as the critical aggregation concentration (CAC). SLS was used to measure the 
time-average scattered intensities where the weight-average molecular weight (Mw) and 
the second virial coefficient (A2) of the star polymer aggregates can be determined [30, 
31]. The refractive index increment (dn/dc) of each polymer solution was measured using 
a Brookhaven BI-DNDC differential refractometer at a wavelength of 620 nm. 
Prior to both DLS and SLS measurements, fresh solutions of POSS-star-PLLA and 
POSS-star-PDLA were prepared by dissolving separately the same weight of each 
polymer in THF at room temperature. The solutions were filtered through Whatman 
poly(tetrafluoroethylene) (PTFE) filters (porosity 0.45 μm) before they were mixed 
together. 
The TEM samples were prepared by depositing a drop of the star polymers POSS-star-
PL(D)LA or mixture 50/50 POSS-star-PLLA/POSS-star-PDLA solution (in THF) onto a 
carbon-coated copper grid; a piece of filter paper placed underneath the grid ensures most 
of the excess solution is absorbed. 
6.2.3 Results and Discussion 
Self-Assembly of Individual Star Polymers in Solution  
The hybrid star polymers gave transparent solutions when dispersed in THF at room 
temperature. However, our initial investigations revealed an increase in scattering light 
intensity, measured by DLS, with time, suggesting the formation of multimolecular 
aggregates in solution. As an example, for a sample at 1.0 mg/mL in THF, the scattering 
intensity was measured over 45 days, and the data revealed an increase in scattering 
intensity up to 15 days followed by a plateau. The driving force for the aggregation in 
THF is assumed to be the solvophobic interactions between the PLA segments and the 
THF. To find the CAC of the hybrid star polymers in THF, the scattering intensity as a 
function of hybrid star polymer concentration in THF was measured, and the data are 
shown in Figure 6.2.3a for sample 1 (circles) and sample 3 (squares). Note that the 
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samples were prepared and equilibrated for 15 days prior to the measurements. The CAC 
values, given in Table 6.2.1, suggest that, due to higher molecular weights and hence 
stronger solvophobic interactions, samples 3 and 4 require lower concentrations for self-














Figure 6.2.3: (a) Scattering intensities of sample 1 (POSS-star-PLLA-1) (circles) and 
sample 3 (POSS-star-PLLA-2) (squares) as a function of polymer concentration 
(mg/mL). The samples were dissolved in THF and equilibrated for 15 days prior to DLS 
measurements; (b) distribution of hydrodynamic radius Rh of sample 1 (prepared at 
polymer concentration of 1.0 mg/mL) over 45 days. 
 
Time-dependent growth of the aggregates was followed by measuring the DLS of the 
given hybrid star polymer solution over a period of 45 days, and the data are summarized 
for sample1 at 1.0 mg/mL in Figure 6.2.3b, where the distribution of hydrodynamic 
aggregate size is bimodal for the first 5 days and then a single peak distribution can be 
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corresponds to the individual star polymers and the slow mode corresponds to multi-star 
polymer aggregates. The Rh at the peak maximum of the slow mode increases 
continuously from ∼66.5  5.8 to 129.1  9.6 nm during the first 15 days and then slowly 
levels off to reach an apparent plateau. Samples 3 and 4 form larger aggregates in THF as 
compared to samples 1 and 2 for the same polymer concentration (shown in Table 6.2.1 
for a concentration of 0.5 mg/mL) most probably due to the higher solvophobicity of 
samples 3 and 4. The apparent molecular weight of PLA star polymer aggregates (Mw,agg), 
together with the radius of gyration (Rg) and the second virial coefficient (A2), are 
determined by a Zimm plot in SLS within the concentration range of 0.5 - 1.0 mg/mL, 
and the data are summarized in Table 6.2.1. The Mw,agg values are found to be much larger 
than the Mw,single values obtained by GPC, further confirming the formation of POSS-star-
PLA aggregates in THF. Note that the samples for GPC measurements were prepared at a 
polymer concentration of 0.05 mg/mL, which is much lower than the CAC for aggregate 
formation. The CAC, Rh, and apparent aggregation number, Nagg (Nagg = Mw,agg/Mw,single), 
values in Table 6.2.1 indicate that samples 3 and 4 possess longer PLA arm lengths, thus 
enhancing the solvophobicity of the polymers in THF solution. In addition, A2, which 
signifies polymer-solvent interactions, is lower for samples 3 and 4 compared to samples 
1 and 2 (e.g., (3.2  1.0)  10-4 and (4.5  1.7)  10-3 (cm3 mol)/g2 for sample 3 and 
sample 1, respectively), thereby indicating a decrease in solubility of star polymers 3 and 
4 in THF solution. Although the uncertainties in the A2 values are rather large, they 
nevertheless display a trend which explains the solubility of the star polymers in THF. 
The dimensionless ratio Rg/Rh, which is indicative of the aggregate structure [32, 33], is 
below 0.78 for the aggregates in the individual POSS-star-PLA solutions, suggesting a 
deviation of the aggregate structure from the hard sphere. A most probable structure 
would be a loosely packed multi-molecular aggregate consisting of individual star 
polymers which aggregate together via weak solvophobic interactions between the PLA 
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arms. Similar multi-molecular aggregates formed via weak hydrophobic interactions have 
been reported for amphiphilic star copolymers. [34-37] 
Table 6.2.1. The GPC, DLS and SLS Analyses of the POSS-star-PLLA, POSS-star-
PDLA star copolymers and their 50/50 blends. 
 
a
where [Mo] and [I] are the number of moles of the monomer (lactide) and the initiator POSS; 
b
measured by 
GPC against PMMA standards using THF as eluent, polydispersity index PDI=Mw/Mn from GPC; 
c
Obtained from (Mn,1+Mn,2)/2 or (Mn,3+Mn,4)/2;   
d
estimated from scattering light intensity as a function of 
the star polymer concentration, 
e
determined by DLS measurements at a polymer concentration of 0.5 
mg/mL in THF solutions and at room temperature.
 f 
Rg was determined by SLS measurements of star 
polymers in THF solution, 
g
determined by SLS measurements of star polymers in THF solution. All 
samples for DLS and SLS analyses were prepared and equilibrated for 15 days prior to measurements.  
 
Formation of a Stereocomplex from a Mixture of Star Polymers in the Solid State.  
Prior to solution studies, we used DSC and WAXS to verify that the mixture of POSS-
star-PLLA and POSS-star-PDLA could form a stereocomplex in the solid state. Figure 
6.2.4a clearly shows that samples 3 and 4 have a melting temperature of Tm  170 C, 
However, for the 50:50 (wt %) mixture of sample 3 + 4, the melting peak at ∼170 C 
disappears while a new peak appears in the vicinity of ∼ 236 C, which shows the 
successful formation of stereocomplex aggregates having a new crystalline structure quite 
different from that of individual PLLA and PDLA star polymers. The diffraction peaks 
from WAXS in Figure 6.2.4b appear at 2θ values of approximately 16.5, 18.5, and 
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peaks appearing at 2θ = 11.8, 20.6, and 23.8, which further supports the formation of 
stereocomplex aggregates. [38] 
 
 
Figure 6.2.4. (a) First DSC heating scans and (b) WAXS profiles of sample 3 (POSS-
star-PLLA-2) (grey solid curve), sample 4 (POSS-star-PDLA-2) (grey dashed curve) and 
sample 3+4 (50/50 POSS-star-PLLA-2/POSS-star-PDLA-2) (black solid curve). All 
samples were freshly prepared at polymer concentration of 1.0 mg/mL followed by 
solution casting at room temperature and further dried in a vacuum oven. All the grey 
curves have been offset for clarity. 
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The effect of the composition of PLLA and PDLA star polymers on the size distribution 
of aggregates formed in the solution mixture 1 + 2 at various ratios of sample 1 to sample 
2 (based on the weight percentage) was investigated by light scattering techniques. As an 
example, fresh samples of 1 and 2 were prepared individually in THF at a polymer 
concentration of 0.1 mg/mL and subsequently mixed together at five different volume 
ratios of sample 1 to sample 2 as depicted in Figure 6.2.5. The solutions were left to 
equilibrate at room temperature for 15 days prior to DLS measurements. The size 
distribution is unimodal, and the Rh of the aggregates increases steadily when the 
composition of sample 1 in sample 1 + 2 increases from 25 to 50 wt %, beyond which the 
Rh starts to decrease. The Rh of the aggregates exhibits a maximum of ∼108.0  7.6 nm at 
a 50:50 ratio of sample 1 to sample 2, which suggests that this composition of samples 1 
and 2 yields optimum stereocomplexation between the PLLA and PDLA arms in the star 
polymers. Subsequent investigations on the microstructure of the aggregates formed in 
the mixture of PLLA and PDLA star polymers were conducted at a 50:50 weight ratio. 
Figure 6.2.5. Distribution of the hydrodynamic radius, Rh, of aggregates in sample 1 + 2 
at different weight percentage ratios of sample 1 to sample 2. The total polymer 
concentration is maintained at 0.1 mg/mL. Samples were prepared and equilibrated for 15 
days prior to DLS measurements. 
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The stability of the aggregates formed in the mixture toward dilution was also 
investigated by measuring the size of the aggregates in sample 1 + 2 prepared at 0.2 
mg/mL and diluted to four different concentrations after 45 days. Note that sample 1 + 2 
prepared at 0.2 mg/mL remained stable over a 45 day period. Figure 6.2.6 shows that the 
Rh of the aggregates is almost constant when sample 1 + 2 is diluted by a dilution factor 
as high as 5 (from 0.2 to 0.04 mg/mL), which further prove that the aggregates are very 
stable with dilution. Bouteiller and co-workers examined the stability of the 
stereocomplex aggregates formed by enantiomeric PLA block copolymers in THF using 
small-angle neutron scattering (SANS) and SLS and reported findings similar to ours, 
where the aggregates remained stable over months and were not sensitive to dilution [7-
9]. However, when similar stability experiments were performed on sample 1, the Rh of 
the aggregates decreased by more than half from ∼158 to ∼67 nm when diluted by a 
dilution factor of 5, i.e., from 1.5 to 0.03 mg/mL, as depicted in Figure 6.2.6. This finding 
clearly suggests that, unlike the stereocomplex aggregates, the solvophobically driven 
aggregates in individual star polymer solution are dynamic, reversible in nature, and 
kinetically unstable (not frozen). SLS experiments within the concentration range of 0.05- 
0.3 mg/mL were further used to confirm the formation of stereocomplex aggregates in the 
mixtures, and the data are summarized in Table 6.2.1. The Mw,agg and aggregation 
number, Nagg, obtained for the mixtures are approximately 5-6 times larger compared to 
those of the aggregates of the corresponding individual samples. Since it was discussed 
earlier that larger Rh values were obtained for the stereocomplex aggregates compared to 
aggregates formed in the individual samples, we also anticipated and confirmed that the 
radius of gyration, Rg, will be larger for the stereocomplex aggregates as shown in Table 
6.2.1. However, it is interesting to note that the ratio Rg/Rh is approximately 1 for the 
stereocomplex aggregates in the mixtures, which indicates a more compact multi-
molecular aggregate structure compared to the loosely packed multi-molecular structure 
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obtained for the aggregates formed in the individual samples. In addition, the second 
virial coefficients, A2, values obtained for the aggregates in the mixtures are negative, 
which points to a poor polymer-solvent interaction between the aggregates and solvent. 
Note that the aggregates formed in the individual samples have better interaction with the 
solvent environment as the A2 values are positive. 
Figure 6.2.6. Rh of aggregates as a function of the polymer concentration in sample 1 
(prepared at 1.0 mg/mL) and sample 1 + 2 (prepared at 0.2 mg/mL), which were both 
diluted after 45 days. 
 
Visual confirmation of the spherical morphology of the aggregates formed in the 
individual star polymer solutions and mixture of star polymer solutions was attained via 
TEM imaging. Sample 1 (Figure 6.2.7a) and sample 1 + 2 (Figure 6.2.7b), at polymer 
concentrations of 1.0 and 0.5 mg/mL, respectively, form spherical aggregates with an 
average diameter of ∼200 nm. However, the aggregates appear more compact and dense 
in sample 1 + 2 compared to sample 1. In addition, the enlargement of the two 
micrographs (see the insets in parts a and b of Figure 6.2.7) reveal many noticeable fine 
dark structures (most likely POSS units) embedded within the aggregates, thus suggesting 





































Figure 6.2.7. TEM micrographs of the aggregates formed in (a) sample 1 at a polymer 
concentration of 1.0 mg/mL and (b) sample 1 + 2 at a polymer concentration of 0.5 
mg/mL, both solutions prepared in THF and left to equilibrate for 45 days prior to the 
measurements. The insets in (a) and (b) illustrate the enlargement of a particular 
aggregate. 
 
On the basis of the light scattering and TEM results, the conformations of the aggregates 
in the individual star polymer and mixture solutions at different concentrations can be 
schematically illustrated as shown in Figure 6.2.8. We hypothesize that, at concentrations 
below the CAC, there exists an unassociated star polymer consisting of a small POSS 
core and extended PLLA or PDLA shell in both the individual and mixed solutions. 
Figure 6.2.8a shows that, above the CAC, the star polymers in the individual solutions 
self-assemble via weak solvophobic interactions to form loosely packed multimolecular 
aggregates made up of individual star polymers. This weak interaction consists of a 
balance between two competing forces, i.e., the van der Waals forces between the PLA 
arms and the interaction between polymer chains and the solvent environment. Because 
the difference between the two competing forces is narrow, small fluctuations in the local 
environment could lead to significant differences in the agglomeration state and hence the 
size of the aggregate, which explains the broad size distribution observed for aggregates 
in individual star polymer solutions. In the case of solutions containing the mixture, 
Figure 6.2.8b illustrates the formation of a dense and compact aggregate structure due to 
the strong stereocomplex interaction between the PLLA and PDLA arms which shrinks 
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away from the solvent environment (depicted by the much reduced A2 value in Table 
6.2.1). Since stereocomplexation is the dominating force (also confirmed by the dilution 
experiment), the size of the aggregates formed is more uniform and primarily dependent 














Figure 6.2.8. Schematic representations of the conformations of the aggregates formed in 
(a) the individual star polymer solution and (b) a mixture solution at polymer 
concentrations below and above the CAC. 
 
6.2.4 Summary 
We have shown that it is possible to form aggregates in individual well-defined 
organic/inorganic hybrid star polymers POSS-star-PLLA and POSS-star-PDLA solutions 
as well as by mixing the two solutions of star polymers containing complementary arms 
of 
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PLLA and PDLA. However, the CAC of the individual PLLA and PDLA solutions is 
approximately 10 times higher than that of the mixed solution, which suggests that the 
formation of aggregates in the former is driven by weak solvophobic interaction while the 
latter is driven by a higher strength of interaction between PLLA and PDLA arms in the 
mixture to form stereocomplex aggregates. A 50:50 (wt %) mixture of PLLA and PDLA 
star polymers yields optimum stereocomplexation, where the stereocomplex aggregates 
formed at this ratio possess the maximum particle size. In addition, DLS, SLS, and TEM 
revealed that the multi-molecular aggregates vary from a loosely packed structure in the 
individual PLLA and PDLA solutions to a dense and compact structure formed via 
stereocomplexation in the mixtures. More importantly, at low concentration (∼0.1 
mg/mL), the stereocomplex aggregates remain optically clear for 45 days and are not 
sensitive to dilution, which proves that stable particles are formed in solution, unlike the 
aggregates of the individual PLLA and PDLA solutions, which tend to dissociate to 
smaller aggregates upon dilution. 
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Conclusions and Future Research 
7.1 Conclusions 
The main purpose of this study was to systemically investigate crystalline poly(lactic 
acid) (PLA) structures and properties by using quantum mechanics computation methods.  
In chapter 3, density functional theory (DFT) calculations were performed for the four 
observed polymorphs of PLA and three different unit cells of -form proposed previously 
based on XRD data. Structural data was calculated for the six crystal unit cells studied 
allowing full relaxation of the atomic positions at the experimental lattice constants. The 
cell sizes were not optimized because the predicted crystal densities using DFT methods 
were sensitive to the choice of exchange-correlation functionals. GGA functionals were 
found to overestimate cell volumes whereas the LDA underestimated cell volumes or 
over-bind the molecules. The DFT predicted relative stability of PLA polymorphs was in 
the order: stereocomplex, , ,  with the stereocomplex as the most stable. This ordering 
of total energies (scaled by number of repeat units of PLA polymer in a unit cell) at 0 K 
using the GGA-PW91 functional is in agreement with the relative thermodynamic 
stability found in previous experimental studies [1, 2]. Why PLA stereocomplex is the 
most stable structure? Further analyzing hydrogen-bonds (H-bond) in the DFT optimized 
PLA crystalline structures, we found that the intermolecular H-bond C

-H···Ocarbonyl 
existed in the stereocomplex only. Moreover this H-bond had larger angle CHO 
(obtuse) and shorter distance than those of intramolecular C

-H···Ocarbonyl H-bond, and 
was thus much stronger. The enhanced stability of sterecomplex could be attributed to the 
much stronger and unique intermolecular H-bond network found in this crystal. Among 
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the three proposed unit cells of -PLA, which one is the most stable?  Our DFT 
calculated relative stability order was -form-2003 [3] > -form-2001 [4] > -form-1995 
[5]. These results suggest that anti-parallel packing of the PLLA helix chains is 
energetically more favorable than parallel packing and the distorted 103 helix is more 
favorable than a regular one in the -PLLA crystal. The favorite distorted helix 
conformation in the crystal differs from an isolated PLLA polymer chain where the well-
defined 103 helix is the lowest energy conformation. The alteration of helix shape could 
be caused by the intermolecular interactions and space restrictions in crystals. This study 
is the first quantum mechanical investigation on the PLA crystals whose unit cells contain 
large number of atoms (up to 180). This theoretical study has provided a quantitative 
ranking of the four observed PLA equilibrium structures and given a valuable insight into 
the stereocomplex forming mechanism.  
In chapter 4, the elastic properties of the PLA crystals were calculated using the finite 
strain techniques of DFT stress-strain approach. From these calculated single crystal 
elastic properties, the Voigt and Reuss bounds of either the isotropic bulk or a uniaxially 
oriented fiber were estimated on the basis of simplified polycrystalline models. The 
calculated intrinsic stiffness and compliance tensors of the three PLA crystals showed 
highly anisotropic. The longitudinal (along the z axis) stiffness component c33 was larger 
than the two lateral ones c11 and c22. Similar trends were reported in a previous molecular 
mechanics study of -PLLA [6] except the degree of anisotropy. Larger longitudinal 
stiffness component is expected because the PLA helix axis was along the c or z axis in 
these unit cells. Along the polymer chain, atoms are strongly bonded by covalent bonds. 
In the lateral x and y (or a and b) directions, PLA helices are connected by weaker non-
bonded intermolecular interactions (H-bond). The key advantage of the present DFT 
method over the molecular mechanical method is that the DFT calculations were 
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performed without any empirical adjustable input parameters and hence is more reliable. 
The calculated intrinsic stiffness and compliance, which are not easily obtained from 
experiments due to the PLA semicrystalline characteristics, are very valuable for many 
practical applications using the mechanical and piezoelectric properties of this PLA 
polymer. 
In chapter 5, vibrational and dielectric properties of the crystalline PLA were calculated at 
the DFT geometry optimized structures using density functional perturbation theory 
(DFPT) method. This computational method take the periodicity of the crystal lattice as 
well as long range van der Waals intermolecular interaction into account, and hence could 
correctly predict vibrational modes. Not only the position (or frequency) but also strength 
of every peak in the full IR spectra of these PLA crystals were calculated. Correlating the 
IR spectra to the crystal structures and lattice dynamics allows one to unambiguously 
assign spectral features to particular molecular motions. The calculated vibration modes 
reflected the symmetries of both the crystal and the polymer chain helix conformation. 
The observed splitting (three Raman bands or five infrared bands) in the carbonyl stretch 
region (from 1700 to 1850 cm
-1
) for crystalline PLLA [7, 8] could be attributed to the 
correlation splitting arising from the dynamic intermolecular forces in the crystal and the 
calculated Born effect charges. In addition, the calculated dielectric properties are very 
useful when assessing this biodegradable sustainable polymer as an insulating material 
alternative to the conventional plastics (like PP and PE). 
In chapter 6, several multiphase materials (block/graft copolymers, blends, and 
composites) containing PLA stereocomplex were explored. The strong driving force for 
forming PLA stereocomplex was used to stabilize the interphase. One example would be 
the co-polymerization of poly(butyl acrylate) (PBA) with PDLA to yield PBA-g-PDLA, 
which was then incorporated into commercial PLA. The degree of stereocomplexation 
was able to influence the interfacial adhesion strength between the PBA and PLA phases. 
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Improved interfacial adhesion leads to significant increases in ductility and toughness of 
the blend. Moreover, the morphology characteristics of the dispersed PBA phase changed 
significantly from sea-island to co-continuous, which indicate improved interfacial 
strength. The higher aspect ratio of the PBA phase increased its efficiency in toughening 
of the blends. In another example the formation of stable dispersions of hybrid 
nanoparticles in solution formed via stereocomplexation of enantiomeric poly(lactic acid) 
hybrid star polymers. The hybrid starlike polymers have inorganic polyhedral oligomeric 
silsesquioxane (POSS) nanocages as the cores and either PLLA or PDLA as the arms: 
POSS-star-PLLA and POSS-star-PDLA. Last, but not least, the stereocomplexation was 
as a physical cross-link in the thermoplastic elastomer (TPE) formed by 50/50 solution or 
melt blend between PBA-g-PDLA and PBA-g-PLLA. This blended TPE showed higher 
service temperature compared to those individual PBA-g-PDLA or PBA-g-PDLA. 
The results of this present study have significant impact on both applications (in) and 
understanding of the structure-property relation at the molecular level for the PLA. The 
relationship and parallelism of observed behavior to atomic microstructure provide 
effective structural models. The quantum mechanical methods could be extended to 
investigate other biopolymers as well. 
7.2 Future Research 
Despite various properties of PLA crystals have been predicted reliably (at fix 
experimental lattice constants) using DFT method, it should be noted that the method is 
still incapable of predicting the cell volume of a molecular crystal correctly. Hence a 
higher level of quantum mechanical computation method is needed if one wants to 
optimize the size of a unit cell. Another limitation is that the temperature effect was not 
considered in this study. Ab initio dynamics can be applied to include this temperature 
effect. It should be pointed out that such ab initio dynamics simulations are 
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computationally intensive and to apply this method to large unit cells containing hundreds 
of atoms more advanced computation facilities should be used. Finally, estimations of 
PLA bulk properties were based on simplified polycrystalline aggregate models only 
because the focus of this research was PLA crystalline phase. In practice, PLA is a 
semicrystalline polymer which contains both crystalline and amorphous phases. Hence 
more realistic composite models should be used. 
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